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ABSTRACT
This research introduces the design of the optimized Pulsed Neutron Facility (PNF), which
consists of a D-T neutron generator, a fueled graphite monolith, and a detection system,
and studies the optimization of detector response simulations for multiple particles created
by neutron-induced reactions. Neutron Activation Analysis (NAA) method was used to
investigate the influence of the trace element, chlorine, in the biological system of the human
body using the Monte Carlo simulation toolkits. Even though one of trace elements, chlorine,
has a strong signal of the characteristic γ-rays by neutron capture reactions, it never has
been used for in vivo detection of the cancer, previously. In this research, the possibility to
detect some cancers by using the chlorine was discovered by comparing the concentration of
the chlorine between normal and cancerous tissues.
Based on the MCNPX simulations, the initial research focused on optimizing the yield of
thermal neutrons in the PNF system, which can then be used as a source for the interactions
with the biological sample while minimizing the background radiations. Moderating layer
materials and fuel configurations of the graphite monolith, and the shielding configurations
of the detection system were considered for the optimization.
Through the GATE simulations, the detector responses by multiple particle interactions
with biological sample were studied for the optimized concentration sensitivity of the chlorine
between the normal and cancerous tissues considering various detector types, and thicknesses
as well as different shielding configurations of the detection system. γ-ray spectra were
analyzed, energy depositions by individual particle were calculated, and the normalized count
ratio was defined for determining the optimized sensitivity of the chlorine isotope between
normal and cancerous tissues. Three detector materials were considered: HPGe, CdTe, and
NaI. At the peak of 8.58 MeV, the NaI detector has a better sensitivity of the chlorine than
the other two detectors. Even though the HPGe detector has the best resolution, it has the
worst sensitivity.
Using the Monte Carlo simulation toolkits, the optimized PNF and detection system were
proposed as a novel concept for strengthening the sensitivity of the characteristic γ-rays by
neutron-material interactions.
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CHAPTER 1
INTRODUCTION
The systematic biological research into trace element composition began with Jules Raulin,
a French chemist and biologist, around the mid-19th century [1]. He discovered the effects of
zinc on the development of the typical mold, Aspergillus niger [2]. Since that event, many
scientists, such as chemists, biologists, plant physiologists and bacteriologists, have had a
significant interest in the topic. Entering into the 20th century, techniques studying trace
elements have been important in medical research around the world.
Trace elements in organisms include chemical elements such as iron, manganese, zinc,
copper, and chlorine. These elements amount to very little in a given organism, but small
changes in trace element composition can bring about important effects on many physio-
logical and biochemical processes [3]. Thus, the observation of trace element composition is
important in the diagnosis of unusual symptoms in the human body. In this research, the
pontential use of chlorine, one of trace element, is studied for detection of the breast cancer
using the prompt γ-ray Activation Analysis (PGAA) with Monte Carlo simulations. The
chlorine can be detected and identified based on the neutron absorption or capture reactions,
which emit prompt characteristic γ-rays with specific energy peaks.
All interactions of the neutrons and the γ-rays in the materials were studied. A thorough
understanding of particle interactions with matters such as shielding materials, moderating
materials, and detector material were analyzed. Accordingly, discrimination of the char-
acteristic γ-rays with specific energy peaks is critical. Based on the simulation data for
interactions of multiple particles in an idealized detector, the results using a real detector
were compared and analyzed. The influence of individual trace element, chlorine, in the
human body using neutron capture reactions was investigated by Monte Carlo simulation
toolkits. Optimized geometries for distinct γ-ray signal peak discrimination were studied
by modifying the fuel pin configuration and moderating materials of the fueled graphite
monolith, the shielding material configuration of the detection system.
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1.1 Motivation
The main objective of this research is to design optimized detection system for investigating
the influence of the trace element, chlorine in the biological system of the human using
the Monte Carlo simulation toolkits. The neutrons from the D-T neutron generator were
thermalized by passing through a graphite monolith, and these neutrons were captured by
the chlorine of the sample; then one or more γ-rays of characteristic energies were produced,
and these characteristic γ-rays were recorded by the detection system. Since the emitted
γ-rays were unique and specific to any single reaction and had the characteristic energy for
that reaction, it is possible to identify any single element and quantify its concentration [4].
The research related to the detection of the chemical elements using the prominent capture
γ-rays have been performed for a long time [5]. Some elements defined as trace elements
have been used to determine the abnormality of the biological system. The trace elements
such as arsenic, cadmium, nickel, selenium, and zinc have been classified as being vital to
human health by the World Health Organization (WHO) and studied for a long time [6].
Even though one of trace elements, chlorine, was proved to have a strong signal of the
characteristic γ-rays by neutron capture reactions, this element has not been used for the
detection of cancer, previously. Since this element is relatively abundant in the human body
and could be detected easily by the characteristic γ-rays, only the study involved in the total
body chlorine measurements has been developed [7,8]. In this research, chlorine was used as
the main trace element for the detection of cancer by comparing its concentration between
normal and cancerous tissues. Even there are many methods developed, and this is just one
of methods to be able to detect cancer, it could contribute to the human health system.
This dissertation describes the optimization of the detector response simulation for parti-
cles created by neutron-material interactions using two Monte Carlo simulation programs –
MCNPX and GATE. This research determines the geometry of optimized PNF system, and
will, therefore, propose a novel concept for strengthening the sensitivity of the characteristic
γ-rays by neutron-material interactions. Based on previous theoretical and experimental
research achievements, this dissertation will support the plausibility of the active detection
system and seek alternatives to developing this technique. Using simulation and modeling
of actual experimental conditions, the optimal geometry can be determined in support of
the construction and benchmarking of the facility.
2
1.2 Radiation interactions with matter
Neutrons and γ-rays are two main particles interacting with shielding material, detector ma-
terials, and sample materials in this research. Neutrons, especially thermalized neutrons after
passing through moderating materials, interact with biological sample and generate charac-
teristic γ-rays. Background neutrons also interact with moderating materials and shielding
materials, then γ-rays are generated through each process. These γ-rays can interact with
the detector material and become background signals different from the characteristic γ-rays
produced through neutron interactions with the sample material. Both γ-ray signals should
be discriminated clearly for optimum sensitivity.
Neutrons are neutral and do not interact with electrons [9]. 5 types of neutron interactions
are possible [10]:
1. Elastic scattering, (n, n): Energy conserved during the reaction
2. Inelastic scattering, (n, n’ γ): Nuclear excitation
3. Radiative capture, (n, γ): Absorption with γ-ray emission
4. Charged-particle reactions, (n, α) and (n, p): Absorption with α particle and proton
emission
5. Neutron-production reactions, (n, 2n) and (n, 3n): Neutron production
Among these interactions, the inelastic scattering and radiative capture reactions are rel-
evant for this research since both produce γ-rays. Even though inelastic scattering reactions
contribute to the γ-ray emissions, radiative capture is more dominant for the γ-ray emis-
sions at a particular energy level. Inelastic scattering reaction is primarily a fast neutron
interaction, while thermal neutron contributes to the radiative capture reaction [11].
There are three primary ways that γ-rays interact with matter: photoelectric absorption,
Compton scattering, and pair production. In photoelectric absorption, an incident γ-ray
transfers all energy to one of the atomic electrons, which causes the electron to be ejected
from the atom. In Compton scattering, a photon interacts with individual electrons by
transferring only a portion of the energy to the electron. In pair production, a positron and an
electron are produced as a photon with energy exceeding 1.02 MeV , which is the rest energy
of both positron and electron, is absorbed [10]. Among these interactions, photoelectric
absorption is the only interaction that has an important role in the total absorption of the
energy of the incident photon. Most electron-hole pairs in a semiconductor are created by the
photoelectric effect since it is most predominant interaction with the detector material [12].
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The number of electron-hole pairs produced is proportional to the photon energy generated,
which provides the detector output pulse [13].
1.3 Monte Carlo Codes
Physics experiments are not only complicated, but the results can be hard to decipher.
Real-world experiments, especially those related to nuclear or radiation particles, have many
limitations due to safety, space, and time restrictions. Monte Carlo methods can overcome
these limitations.
The Monte Carlo techniques are based on mathematical statistics using the repetition of a
random number sampling algorithm [14]. This method generates random numbers using the
probabilistic distribution over the defined domain for reaching deterministic results. There
are many commonly used Monte Carlo simulation toolkits available, such as the Monte
Carlo N-Particle (MCNP) code [15], the GEometry ANd Tracking simulation of the passage
of particles through matter (GEANT4) code [16], the Particle and Heavy Ion Transport code
System (PHITS) [17], and the PENetration and Energy LOss of Positrons and Electrons in
matter (PENELOPE) code [18].
This research was based on the bench-marking of Monte Carlo simulation programs. Both
the Monte Carlo N-Particle eXtended (MCNPX) and the GEANT4 Application for Emission
Tomography (GATE) were used for neutron and γ-ray interactions with matter, including
the shielding materials, detector materials, and sample material designing the optimized
configuration of the PNF system [19,20].
As shown in Figure 1.1, MCNPX was used to design the geometry of the PNF system for
the production of thermal neutrons and to minimize background neutrons at the detection
system. The neutrons emitted by D-T neutron generator at the center of the PNF were
passing through the fueled graphite monolith and the moderating layer of the graphite
monolith or the shielding materials of the detection system; then, the surface flux of these
neutrons reached the inner or outer surfaces of the detection system was calculated by the
MCNPX. This optimization considered moderating layer materials and fuel configuration
effects of the feuled graphite monolith or the shielding materials and configurations of the
detection system. In addition, radiation doses near the PNF as well as the criticality of the
PNF were calculated using this code to support construction.
The GATE code is used for the detector responses by particle interactions with the sample
material. By considering particle intensity, angular distribution and position, the maximized
primary neutrons and minimized background particles based on the MCNPX simulation
4
Figure 1.1: A diagram of the flowchart for the computational research in this project
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results were imported into GATE simulations. Two cases were considered: the primary
neutrons and background particles at inner surfaces or outer surfaces of the detection sys-
tem. The former only considered the interactions of the sample and the detector, while the
latter included those interactions as well as the interactions of the shielding materials of
the detection system. The γ-ray energy spectra were studied for the optimized concentra-
tion sensitivity of trace element between the normal and cancerous tissues considering the
breast cancer sample, various detector types and thicknesses as well as different shielding
configurations of the detection system. The detailed will be discussed later.
1.3.1 MCNPX
MCNP is a Monte Carlo particle transport code [15], based on the Fortran protocol with
continuous-energy transport considered for neutrons, photons, and electrons in matter.
MCNP is one of the most widely used Monte Carlo codes in the world, and originally has
been under development since inception as the Monte Carlo Simulation (MCS) code written
by scientists at Los Alamos National Laboratory (LANL) [21].
MCNP is usually used in areas related to radiation protection, dosimetry, radiation shield-
ing, radiography, medical physics, nuclear criticality, accelerator design, fission process de-
sign, and fusion process design [13]. MCNP makes possible calculating of reactor criticality,
radiation dose, particle flux, energy deposition.
MCNPX is a Monte Carlo particle transport code developed at LANL; this code can
handle 34 different types of particle interactions [15]. MCNP6, the most recent released
version of the MCNP, combined the functionalities of both the MCNP5 and MCNPX. Since
this project was started prior to the release of MCNP6, the MCNPX was used.
MCNPX allows for arbitrary 3D configurations of user-defined materials in geometric
cells bounded by surfaces, and has various particle libraries over a wide range of energies.
Figure 1.2 represents the energy regimes of each particle type with the interaction physics
types used in the MCNPX. Data libraries as shown in blue are referred to the nuclear data
such as the evaluated nuclear data files (ENDF) and the evaluated nuclear data library
(ENDL) based on the experiment results at various nuclear research institutes all over the
world [22]. These reliable libraries are aimed at frequently used particles and energy ranges.
There are some particles of certain energy ranges, which are scientifically important but not
used frequently or are limited to data libraries from real experiments. Some high energy
particles such as neutrons, protons and heavy ions belong to those groups which shown
in red, green and orange. In those cases, quantum molecular dynamic (QMD) model [23]
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Figure 1.2: A Diagram listing of MCNPX particle types and energy ranges
or intranuclear cascade (INC) model [24, 25] are applied for the calculations related to the
particle interaction physics. Proposed as shown in yellow refers to low priority regimes
with no data libraries. Interactions related to neutrons, photons, and electrons were studied
in this research and the MCNPX provides the data libraries based on real experiments as
mentioned. The energy of neutrons ranges from 10-11 to 20 MeV , but can be as much as
150 MeV for some nuclides. The upper energy limit for electrons and photons are 1 and
100 GeV , respectively, and the lower limit is 1 keV for both of these particles.
Another strength of the MCNPX is a simple format consisting of three main cards - surface
card, cell card, and data card. The surface card defines each geometrical surface, and the cell
card specifies a material using the defined geometry at the surface card. Data card is most
important part of the input file and determines physics mode, source specification, and tally
specification. The tally card in the data card can be used to calculate current integrated
over a surface, flux averaged over a surface or a cell, flux at a point or ring detector, and
energy deposition averaged over a cell [19].
MCNPX is a highly stable code for tracking neutrons, photons, and electrons containing
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flexible source and tally options, interactive graphics, and support for both sequential and
multi-processing computer platforms.
The optimized PNF was designed using the MCNPX for the production of primary neu-
trons and background particles at inner surfaces or outer surfaces of the detection system.
Simulations of radiation doses and criticality of the PNF were also performed using MCNPX
in this research. Detailed explanation will be discussed in Chapter 4.
1.3.2 GATE
GEANT4 is another widely used simulation toolkit for the interaction of particles with matter
across a wide energy range from 250 eV to 1 PeV or more, using Monte Carlo methods [26].
GEANT was first made in the 1970s, originally written in Fortran. This was true up
through GEANT3, then GEANT4 was developed by Counseil Europe´en pour la Recherche
Nucle´aire (CERN) and Ko¯ Enerug¯i Kasokuki Kenkyu¯ Kiko¯ (KEK) in 1993 and ported to
the C++ language [16]. GEANT4 has many benefits, such as the use of graphical presenta-
tions for detector geometries and shower development, the use of a wide variety of particles
from geantinos (virtual particles that can be designed in GEANT4) to heavy ions, the easy
handling of particle interactions and mobility, and the ability to simulate more compli-
cated geometries. This simulation toolkit has been used in many areas, such as high energy
physics, nuclear and radiation computation, space applications related to the natural space
radiation environment, and medical physics. GEANT4 is an open source code written by a
collaboration of physicists, scientists and software engineers working from many institutes
and universities across the world. Many accumulated results and data related to the field of
Monte Carlo simulations exist [27].
GATE is a Monte Carlo program based on the advantages of the GEANT4 simulation
toolkit and the only simulation code to support both radiotherapeutic and imaging char-
acteristics [20]. GATE was first developed in 2002 to make a general simulation platform
for emission tomographies such as the Positron Emission Tomography (PET) and the Single
Photon Emission Computed Tomography (SPECT). It was then released in 2004 for public
use.
The initial learning curve for GEANT4 is very steep compared to other Monte Carlo simu-
lation toolkits because it was written in C++. GATE uses a dedicated scripting mechanism,
which keeps all of the functionalities of GEANT4. It is possible to control geometries, par-
ticles, and physical interactions using simple script commands without any prior knowledge
of C++. This code has powerful package for the design of very complicated geometries.
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The detector system design includes prototypes flexible enough to model with voxelized and
analytical geometries. Therefore, this software can be used to assist for detector design and
to assess quantification, qualification and acquisition protocols [28].
By using these functionalities, GATE was used in this research to design detection sys-
tem and sample geometry for studying particle interactions with the sample and detector
materials as shown in Figure 1.2. The γ-ray energy spectra were simulated for analysis of
the effects of the trace elements within sample matrices using the GATE code. It was im-
portant to study specific γ-ray energy peaks from thermal neutron-biological trace material
interactions. In addition, the energy deposition data was specified for analysis of particle
interactions in the detector and sample materials.
1.4 Thesis preface
This dissertation has the following structure.
Chapter 2 will be a literature review so that this chapter will describe all of the previous
theories and experimental achievements for an approach to understanding this research.
Biological trace element will be specified. Neutron-based technologies to study trace elements
in bio-materials will be discussed. The medical use of the trace elements by the NAA method
will be introduced. At last, examples of PGAA methods for the chlorine as a trace element
will be studied.
Chapter 3 will discuss the interactions of particles for the idealized detector. Monoen-
ergetic γ-ray and neutron sources will be designed, and Monte Carlo simulations of the
energy deposition for the ideal detector will be performed for the study of spatial resolution.
Based on the deposited energy of each particle type – electron, positron, and γ-ray -, the
interactions of the particles using an HPGe detector will be explained. Secondary particles
produced by γ-ray and neutron interactions with the detector material will be discussed.
Chapter 4 will present the design of the PNF using MCNPX. The studies of the geometry
specifications for the PNF, thermalization processes of fast neutrons emitted from D-T neu-
tron generator, dose profile results of the PNF criticality calculations using MCNPX, and
the optimized geometry for maximized thermal neutron production will be discussed.
Chapter 5 will explain the beam characteristics designed by the MCNPX calculations.
The primary neutrons and the background particles were based on the production number
of the maximized thermal neutrons as the primary source and the minimized background
particles as the background sources at the detector system. The beam characteristics will
be defined for running the GATE simulations.
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Chapter 6 will describe an in vivo study of the chlorine element detection for detection of
cancerous material using GATE simulations. The detection system, including the detector
and the biological sample, will be described. The primary neutrons and the background
particles at the inner surfaces of the detection system will be designed and the effects will be
studied. Also, possibilities for the detection of cancer using chlorine concentration difference
by γ-ray spectra analysis will be discussed, and the detection concentration limit of chlorine
in the detection system will be presented.
Chapter 7 will examine the various designs for a detection system for γ-ray signal discrim-
ination. The primary neutrons and background particles that are generated along the outer
surfaces of the detection system will be considered. The shielding effects will be studied
with the modification of the shielding configurations of the detection system to find out the
optimized discrimination of the signal γ-rays. All results will be compared to the results of
the previous chapter; then, the optimized geometry will be defined.
Finally, Chapter 8 will conclude the thesis and present ideas for future work. This chapter
will restate the achievements through this research and summarize the main points. Fur-
thermore, future development direction and applications will be discussed; then, finalized.
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CHAPTER 2
LITERATURE REVIEW
Theoretical analysis is the beginning of all research and is based on logical and empirical
knowledge. Scientific theories are products of experiences and observations accumulated
over a long time. For example, a research project was proposed for a better human life.
Since then, the project has been studied and developed in so many different ways for a long
time. Each track at the particular time become an important clue for the take-off stage to
the next level. Therefore, a literature review of the previous achievements is required as a
necessary procedure, and should be performed thoroughly before the research starts.
Chlorine as a trace element, prompt γ-ray activation analysis, and characteristic γ-ray
detection are key words in this research. This chapter will approach previous achievements
including scientific discoveries, simulation results, related experiments, and techniques re-
lated to these keywords for understanding this research. Biological trace element will be
defined and categorized in detail. Analytical techniques for detecting trace elements will be
introduced, then PGAA methods based on the neutron capture reactions will be studied and
specified. Some examples for the medical use of the trace elements by the PGAA method
will be presented for a better understanding of this research since various trace elements
such as selenium, zinc, chromium, cesium, rubidium, scandium, cobalt, and iron have been
used to detect some diseases including some organ cancers and brain problems. At last, the
examples of PGAA methods for the detection of chlorine as a trace element will be studied.
2.1 Biological trace element specification
Since the human body consists of countless billions of atoms that can lead to complex
mechanical, chemical, and organizational interactions, the health disorder of a person can
influence the homeostasis, the ability to maintain stable concentration of elemental contents
in human tissue [3]. There are major differences in the concentrations of the particular
elements,called trace elements, in between normal and abnormal tissues [29].
Trace elements are defined as the chemical elements maintaining, controlling and regulat-
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ing the complicated physiological functions and the organ metabolic processes in the human
body system [30, 31]. Trace elements, such as metallic or non-metallic elements, are the
structural components of tissues constituting the human body and are parts of hormones or
catalysts secreted by the organs. The concentration of each element in human tissue is a
few mg per kg or less. Variation in the abundance of these elements could be an important
indication for alarming abnormalities in the biological system.
Table 2.1: A list of the types of trace element [32]
Category Elements
Essential
Ca, Cl, Co, Cu, Fe, I, K, Mg, Mn, Mo, Na, Ni,
Se, Zn
Probably essential As, Cr, F, Si, Sn, V
Evidence for
essentiality lacking
B, Ba, Br, Cd, Li, Rb, Sr
Inessential All other elements
As shown in Table 2.1, trace elements are categorized from essential to inessential based on
how they affect the biological system, primarily with respect to their ability to induce disease
or become toxic when the element is deficient or over-abundant in the given system [32]. The
absence or deficiencies of essential trace elements could result in fatal effects to the molecular
systems in the body [33]. The trace elements categorized in the less essential group are still
significant to the human body system, even if they are not as critical as the essential group.
The elements belonging to the group of evidence for essentiality lacking are not important to
the biological system, even though their presence might influence toxic effects in the human
body [34]. The inessential elements hardly have effects on the human body system.
Each trace element has its particular role in the body, and the functions of trace materials
could be classified as inorganic/structural, electrochemical, catalytic and miscellaneous [34].
Trace elements make up the biological molecular structure, imparting stability in the human
body and acting as electron donors or acceptors for reactions that either reduce or oxidize,
which in turn generate and utilize the metabolic energy needed for physical activity. These
elements synthesize enzymes and catalysts controlling biochemistry reactions inside the hu-
man body. Also, some elements take an active part as transporters of important materials,
such as oxygen [35].
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Figure 2.1: The fluorescence spectrum of signature elements in normal human liver tissue
versus liver tumor tissue [29]
The clinical or medical use of trace elements makes it possible to diagnose many diseases,
including cancer. Since trace materials have a natural distribution in the human body,
deficiencies or overdoses of trace materials could be the cause or an indicator of diseases
or abnormalities. Reference data or baseline values for trace element concentrations could
become a crucial barometer when comparing both normal and tumorous tissues in some
organs. Therefore, the elemental balance and distribution of trace elements are keys in the
diagnosis of diseases in the human body system. Since 1978, a great number of studies have
been dedicated to trace element concentrations in the biological system, collectively proving
that trace element concentrations significantly affect various organs [36].
Figure 2.1 shows a comparison of the photon energy spectra for signature elements in
normal liver tissue versus tumorous liver tissue [29]. Some trace elements such as iron and
zinc were found to be significantly different in the concentration between the abnormal and
normal tissue samples. Because the composition of trace elements in abnormal and normal
human tissues differ, the signal strengths of the γ-ray spectrum should also be distinct. Each
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element has a particular γ-ray signature strength at a specific energy level in healthy tissue,
so any change in the spectrum signature strength could be used as a diagnostic tool for the
disease.
2.2 Prompt γ-ray activation analysis method by the neutron
capture reaction
Analytical techniques have been developed over time, as the needs for detecting trace ele-
ments has increased. Methods to detect the extremely small composition of trace elements
with high accuracy have been particularly emphasized. To this end, four methods have
been developed: 1) electrochemical techniques such as ion-selective electrodes (ISEs) and
stripping voltammetry, 2) atomic spectrometric techniques such as flame atomic absorption
spectrometry (FAAS), graphite furnace atomic absorption spectrometry (GF-AAS), induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES), and inductively coupled
plasma-mass spectrometry (ICP-MS), 3) X-ray methods such as X-ray fluorescence (XRF),
total-reflection XRF (TXRF), and particle-induced X-ray emission (PIXE), 4) Activation
method such as neutron activation analysis (NAA) [37]: Table 2.2 shows a comparison of the
characteristics of the main nuclear analytical techniques used to study the chemical compo-
sition of various samples. Among these analytical methods, the NAA is a well-established
technique that uses a neutron source to irradiate samples and produce nuclear reactions,
such as the scattering and radioactive capture.
The NAA technique that uses neutrons for the analysis of materials has undergone con-
tinual development over the years. This technology has been used extensively in such diver-
sified fields as geological and archeological sciences, environmental science, nuclear security,
forensic studies, industrial applications, and the medical field [37]. This method provides
a nondestructive, rapid, safe, and precise way to analyze the elemental contents in chemi-
cal, biological, and nuclear samples [13, 14, 38]. In addition to being non-destructive, this
technology is especially attractive due to its accurate and sensitive characteristics.
The PGAA, as one of the NAA methods using the prompt γ-rays emitted at the time
of neutron capture [39], is a rapid-processing and well-developed technique. The PGAA
technique has been used for quantification and qualification analysis of the trace and major
elements due to its high sensitivity [40, 41]. PGAA has the ability to analyze hydrogen
in various hydrogen storage materials, boron and hydrogen in battery materials, and iron,
chromium, nickel, manganese, and boron in stainless steel and iron ore. This technique
also determines boron, cadmium, indium, mercury, manganese, iron, cobalt, nickel, sulfur,
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Table 2.2: Characteristics of the main nuclear analytical techniques for chemical
specification study [37]
Methoda Accuracy Sensitivity
Spatial
Resolution
Time
Response
NAA Excellent High Low Slow
PIXE Intermediate Intermediate Intermediate-Good Fast
SRXRF Intermediate Intermediate Good Fast
EXAFS Intermediate Poor Good Slow
XANES Intermediate Poor Good Slow
Mo¨ss. Sp. Limited Poor Poor Fast
IT Good High Possible Fast
ICP-MS Good High Low Slow
aNAA, neutron activation analysis; PIXE, proton induced X-ray emission and its derivative SPM, scanning
proton microscopy; SRXRF, synchronous radiation X-ray fluorescence; EXAFS, X-ray absorption fine struc-
ture spectrometry; XANES, X-ray absorption near edge spectrometry; Mo¨ss. Sp., Mo¨ssbauer spectrometry;
IT, isotopic tracer
and copper in environmental and geological samples, as well as hydrogen, chlorine, sodium,
potassium, boron, calcium, phosphorus, and nitrogen in biological materials [42].
The PGAA technique usually depends on the neutron capture γ-rays having characteristic
energy levels for elemental analysis. A nuclei of an element reaches its the excited state
through the neutron capture reaction, then the characteristic γ-rays are released with specific
energy levels corresponding to the excitation energies ranging from 100 keV to 12 MeV .
Namely, the γ-rays are generated from the de-excitation of the excited nuclei through the
neutron capture reaction during the sample irradiation. Typically, the reaction time for
neutron capture is relatively very short, on the order of 10−14 to 10−9 s [43].
Due to the specification of the γ-rays to a single reaction, specific trace elements can be
identified and quantified. When using the PGAA method, the mass of the sample is given
by [44],
m =
AM
tfnIγNAσφFγ(E)Ωθ
, (2.1)
where m is the mass of the sample (g), A is the net full-energy peak area, M is the atomic
weight, t is the irradiation/counting time, fn is the neutron self-shielding factor, Iγ is the
relative γ-intensity, NA is Avogadro’s number, σ is the neutron capture cross section (cm
2),
φ is the neutron fluence rate (cm−2s−1), Fγ is the self-shielding factor for γ-rays, (E) is
the γ-ray detection efficiency at energy E (counts per photon), Ω is the solid angle between
detector and sample and θ is the abundance of the capturing isotope [45].
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From Equation 2.1, the count rate of the γ-rays, R (counts s−1), can be defined by,
R =
A
t
=
mfnIγNAσφFγ(E)Ωθ
M
. (2.2)
The sensitivity of the PGAA method, S (counts s−1 g−1), is determined by the neutron
irradiation of the known mass of the trace element and is given by:
S =
A
mt
=
fnIγNAσφFγ(E)Ωθ
M
. (2.3)
The sensitivity could set the useful detection limit with the precise count rate. Table 2.3
shows the measured detection limits for geological and biological materials using the PGAA
technique, as published by the national institute of standards and technology (NIST) [46].
Table 2.3: Detection limits for 1 g sample using the PGAA method [39, 44]
Range (µg) Elements
0.01 – 0.1 B, Cd, Sm, Gd
0.1 – 1 Eu, Hg
1 – 10 H, Cl, In, Nd
10 -100 Na, S, K, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Ge, As, Se, Br, Mo, Ag, Te, I, Au
100 – 1,000 Mg, Al, Si, P, Ca, Fe, Zn, Ga, Rb, Sr, Y, Zr, Nb, Sb, Ba, La
1,000 – 10,000 C, N, F, Sn, Pn
2.3 Prompt γ-ray activation analysis for medical use
Based on the data of γ-ray signals gathered from the calibrated standard samples, any
trace elements included in the human body also can be detected [4]. Aluminum, bromine,
magnesium, manganese, rubidium, selenium, and vanadium in the human biological system
remain steady. Kidney and liver include high concentrations of cadmium and mercury while
the brain has a high level of mercury [47]. In this research, the PGAA method will be used
to quantify the concentrations of particular chemical elements in a sample, making it viable
for detecting abnormalities in the human body system.
Since the suggestion of certain metal compounds related to the occupational and envi-
ronmental carcinogens by Furst in 1960 [48], the study of the concentration of the trace
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elements in a biological system has become an essential research for the modern life science
related to clinical medicine. Since the pathological conditions bring about the changes of the
composition of the trace elements in biological tissue, the relationship between the disease
and the trace element concentrations is very important. Chromium, nickel, arsenic, and
beryllium were very first elements for diagnosis of human carcinogens [49].
Table 2.4: Comparison of concentration of trace elements in normal and cancerous breast
tissues (ppm) [52]
Element Normal Tissue Cancerous Tissue
Se 0.668 ± 0.239 0.354 ± 0.130
Zn 35.509 ± 9.750 26.880 ± 3.820
Cr 0.663 ± 0.230 0.246 ± 0.050
Cs 0.0161 ± 0.0003 0.009 ± 0.0004
Rb 2.505 ± 0.059 2.037 ± 0.08
Sc 0.003 ± 0.00002 0.003 ± 0.00006
Co 0.0156 ± 0.0002 0.0141 ± 0.00005
Fe 66.099 ± 12.790 57.920 ± 7.230
The NAA method was firstly used to determine substantial differences of some trace ele-
ments such as potassium, phosphorus, copper, magnesium, and zinc between cancerous and
normal tissues of the breast [50]. Such a higher concentration of calcium, iron, magnesium,
copper and zinc was observed in cancerous tissue than normal tissue [51]. As advanced an-
alytical technology had improved inherent sensitivity and raised accuracy for the detection
of the trace elements, more trace elements – selenium, zinc, chromium, cesium, rubidium,
scandium, cobalt, and iron – were possible to be detected by the NAA method [52]. Table 2.4
compares the trace element concentration in normal and cancerous breast tissues obtained
by the NAA method.
The research for the trace elements in the human brain was also performed using the
NAA method. Cobalt, iron, rubidium, selenium, zinc, chromium, silver, cesium, antimony,
and scandium were investigated; then, the concentration of each trace element was shown
differently according to different brain regions. Although cobalt and zinc existed in various
brain regions [53], manbasal ganglia has higher concentrations of iron and rubidium than
cortex areas [54].
The preliminary study of the trace element concentration between the normal and cancer-
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Figure 2.2: γ-ray spectrum obtained after 11 h irradiation of neutron with brain tumor
sample [56]
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Table 2.5: Comparison of mass fractions of trace elements in tumorous prostate gland of
age group of 21-87 years males by both NAA and ICP-MS methods [60]
Element
NAA (M1)
(mg/kg)
ICP-MS (M2)
(mg/kg)
(M2 - M1)
/ M1·100 (%)
Ag 0.055 ± 0.006 0.39 ± 0.005 29.1
Co 0.038 ± 0.003 0.037 ± 0.004 2.63
Cr 0.47 ± 0.05 0.53 ± 0.05 -12.8
Hg 0.044 ± 0.006 0.046 ± 0.006 -4.55
Rb 12.3 ± 0.6 15.7 ± 0.6 -27.6
Sb 0.049 ± 0.005 0.034 ± 0.004 30.6
Se 0.65 ± 0.03 0.78 ± 0.03 -20.0
Zn 795 ± 71 844 ± 94 -6.16
ous brain tissues was performed. While calcium, iron, copper, zinc, selenium, manganese,
bromine, and scandium had significantly higher concentrations in cancerous tissue than nor-
mal tissue, opposite trends were shown in rubidium, potassium, and phosphorus. No differ-
ences were observed for magnesium, sulfur, chromium, mercury, sodium, and chlorine [55].
Figure 2.2 shows the γ-ray spectrum by the NAA method with the brain tumor sample.
The tumor sample of around 200 mg was irradiated for 11 hours by a neutron flux of 1012
n/cm2/s at the SLOWPOKE nuclear reactor. In this energy spectrum, various peaks re-
lated to the trace elements are observed, and the peaks by calcium, bromine, cesium, iron,
rubidium, zinc, cobalt and potassium are significantly visible. Asterisk marks mean that
those peaks originate from the natural thorium as the room background [56]. Additionally,
one of trace elements, manganese was investigated for the research of Alzheimer’s disease
and human aging by the NAA technique [57].
Investigation of trace elements in intact human prostate has started using the NAA method
since the prostate cancer is the most common cancer for the male [58]. The research for the
relationship between the concentration of the trace elements in human prostate and the age
was performed using the NAA method. Silver, cobalt, chromium, iron, mercury, rubidium,
antimony, scandium, selenium, zinc were investigated for the age group of 13-60 years old
men and the mass fractions of cobalt, scandium, and zinc were increased with increasing
age [59]. The mass fractions of the trace elements in the tumorous prostate gland of the age
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Figure 2.3: Concentration ratios of trace elements in uterine cancer and normal tissues [63]
group of 21-87 years were compared by both the NAA and the ICP-MS methods as shown in
Table 2.5 [60]. Results by both methods are consistent, and both methods could be used as
analytical tools for the accurate determination of the concentration of some trace elements
in the prostate tissue of the men.
In addition to these organs of the human biological system, the NAA technique was used
to analyze the trace elements in thyroid tissue. Iodine had a lower concentration in cancerous
tissue than normal tissue while the cancerous thyroid tissue had higher concentrations of
calcium, potassium, iron, zinc, manganese and antimony than normal tissue [61]. Calcium,
copper, cobalt, iodine, magnesium, selenium, iron, zinc, mercury, barium, and chromium
were investigated for the diagnosis of colorectal cancer by using the NAA method; then,
only, cobalt, iron, iodine, and barium had distinct concentrations between cancerous and
normal tissues [62]. The human uterine cancer was investigated using some trace elements
by the NAA technique. The concentrations of the trace elements such as iodine, manganese,
sodium, calcium, selenium, gold, scandium, zinc, cobalt, and copper were compared in both
normal and cancerous uterine tissues by normalization with general tissue of the normal
body system. Figure 2.3 shows the concentration ratios of trace elements in normal and
malignant uterine tissues indicating that there are significant differences in iodine, selenium,
gold and scandium [63].
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2.4 Prompt γ-ray activation analysis of Chlorine
The International Atomic Energy Agency (IAEA) has conducted a coordinated research
project for the development of the PGAA database for the isotope, energy, or cross section
of each chemical element, and provides the database for the PGAA technique based on
compiled isotopic measurements from the Evaluated Nuclear Structure Data File (ENSDF).
The elemental measurements were performed at the Budapest Reactor Centre, and the
data were analyzed at Lawrence Berkeley National Laboratory. This database has been
improved and developed over the years and provides reliable information of each element
for the application of quantification and qualification using the PGAA technique in many
fields [64].
In this research, chlorine is used as the main trace element for the diagnosis of cancer by
comparing its concentration between normal and cancerous tissues. This is because chlorine
is relatively abundant in the human body and could be detected easily by the PGAA method.
This element exists as a charged ion, called chloride, and plays a crucial role in maintaining
the fluid balance in the human body system.Therefore, deficiency in the chloride ion causes
life-threatening effects such as alkalosis, which makes blood overly alkaline [65].
Chlorine has two natural isotopes – 75.77 % of chlorine-35 and 24.23 % of chlorine-37 as
natural abundances [66]. Chlorine isotopes capture thermal neutrons, prompt γ-rays at the
characteristic energy levels are generated through:
n + 35Cl → 36Cl + γ, (2.4)
n + 37Cl → 38Cl + γ. (2.5)
Figure 2.4 shows the thermal neutron capture cross sections for two chlorine isotopes,
showing intensity versus energy. These cross section data are discrete and inconsistent,
unlike the other cross section data. The cross sections for the chlorine-35 isotope are much
larger compared to that of the chlorine-37 isotope. There are some high cross section regions,
like those at specific energy levels, such as those at the energies of 6.11, 7.80, and 8.58 MeV .
To calculate the cross section data for the thermal neutron capture of the chlorine iso-
topes, many experiments have been conducted using the PGAA technique. 810 g of pure
hexachlorobenzene (C6Cl6) was used as a sample for the investigation of the thermal neu-
tron capture γ-ray emission reaction. This sample was placed, along with a few of γ-ray
spectrometers, near the reactor core of the Chalk River pile, which produces a high neutron
flux. Since the cross section of the thermal neutron capture for chlorine is much larger than
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Figure 2.4: Thermal Neutron Capture Cross Section for Chlorine isotopes [64]
that for carbon, the neutron capture reaction by carbon did not give any effect on the γ-ray
energy spectrum [5].
Figure 2.5 represents the γ-ray energy spectrum of chlorine through the thermal neutron
capture reaction, and the energy spectrum ranges between 2.5 MeV to 9.5 MeV . Each peak
is denoted by separate letters. Table 2.6 show the energies and intensities of the characteristic
γ-rays emitted from the thermal neutron interactions with chlorine isotopes. The energies
and intensities of the peaks in Figure 2.5 match the data in Table 2.6 [5]. Comparing
Figure 2.4 to Figure 2.5, most of the peaks in Figure 2.5 correspond to the characteristic
cross-section data in Figure 2.4.
The thermal neutron capture reactions of the chlorine isotopes produce a number of peaks
at a variety of prompt γ-ray characteristic energies. There is a correlation between the
number of counts at a specific energy level in the detector and the concentration of chlorine
isotopes. To investigate this mutual relationship, a series of measurements were performed.
A collimated Am-Be source was placed to generate neutrons, and a rectangular-box phantom
containing an aqueous sodium chloride was used. The sodium chloride concentration was
increased to control the chlorine concentration in the phantom, and 4 multiple 3-inch radius
NaI(Tl) detectors were positioned for evaluating the prompt γ-rays at the characteristic
energies of 5.6, 6.1, and 8.6 MeV [8].
Figure 2.6 shows the peak area counts of chlorine at the energies of 5.6, 6.1 and 8.6 MeV
as a function of chlorine concentration. As the amount of the chlorine increases, the γ-ray
counts tend to increase. Linear relationships are observed between the concentration of
chlorine and the peak area counts at each characteristic energy. Even though the peak area
count at 8.6 MeV is lower than the peak area counts at the other energy levels, it is the
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Figure 2.5: γ-ray energy spectrum of chlorine for the thermal neutron capture reaction [4]
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Figure 2.6: Peak counts of chlorine at the energies of 5.6, 6.1 and 8.6 MeV as function of
chlorine concentrations [7]
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Table 2.6: Energies and intensities of thermal neutron capture γ-rays of chlorine [4]
γ-ray Energy (MeV ) Intensity (photonsper100captures)
A 8.58 ± 0.03 3
B 7.80 ± 0.03 10
C 7.42 ± 0.03 8
D 6.98 ± 0.03 1
E 6.62 ± 0.06 4
F 6.12 ± 0.03 6
G 5.72 ± 0.03 2
H 5.51 ± 0.03 1
I 5.01 ± 0.03 4
J 4.46 ± 0.04 2
K 4.06 ± 0.04 3
L 3.62 ± 0.05 2
most important signal. Because the background level at 8.58 MeV is much lower than those
at the other energy levels, this peak is more distinct than the other peaks.
Chlorine has been used as a trace element in various areas such as water purification,
geological research, and analysis of steels and alloys. Impurity of the pure water is a very
important factor within the framework of the material corrosion at nuclear power plant.
Trace elements such as sodium and chlorine were used for the assessment of the purification
of the water and various analytical methods such as an ion-selective electrode, spectropho-
tometry, and atomic absorption technique had been used. However, the NAA method was
used for more sensitivity, reliability, and accuracy. Figure 2.7 shows the γ-ray spectrum of a
water sample after 15 min irradiation by a neutron flux of 5·1011 n/cm2/s at TRIGA Mark
II reactor of Rikkyo University. Characteristic peaks by argon, aluminum, manganese, and
bromine as well as sodium and chlorine were observed [67].
Chlorine with bromine and iodine used as one of trace elements in rock samples since
halogens are widely spread in geological materials. Geological standard rock was set up
for the normalization and the trace elements mentioned in the previous sentence were ir-
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Figure 2.7: γ-ray spectrum of water sample after 15 min irradiation of neutrons [67]
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Table 2.7: Mean body weight and total body chlorine in normal male and female [6]
Study
Sex
(No)
Weight (kg)
Total Body
Chlorine (g)
Total Body Chlorine /
Weight (g/kg)
Beddoe et al
(1986)
M (32)
F (35)
76.4 ± 9.7
58.4 ± 6.1
72.2 ± 19
53.6 ± 15
0.95
0.92
Kennedy et al
(1983)
M (18)
F (18)
81.3 ± 12
62.5 ± 17.7
71.7 ± 11.3
53.4 ± 10.2
0.88
0.85
Ellis et al
(1976)
M (21)
F (29)
79.6 ± 10.6
63.7 ± 9.7
75.0 ± 9.7
62.0 ± 7.6
0.94
0.97
radiated with neutrons to analyze the concentration of each trace element of the standard
geological rock; then, the concentrations of these trace elements of the other rock samples
such as meteorites, sedimentary rocks, and igneous silicates were compared. Since the chlo-
rine is relatively abundant compared to other two halogens, chlorine can be used for the
determination of types of rock samples with more sensitivity [68].
Chlorine is a content included in the reactor stainless steels. Even though its concentration
is low, the chlorine-36, produced by thermal neutron activation of the chlorine-35, has a long
half-life. This could be defined as a radioactive waste. In different reactor materials, the
composition of the chlorine has been maintained mostly same. Since the detection limit of
the chlorine in the stainless steels was below 1 mg/kg, the sensitive analytical technique was
necessary. Thus, the NAA method was used for the quantification of the chlorine in reactor
stainless steels. Many stainless steel and alloy samples were irradiated by a thermal neutron
flux of 2·1016 n/m2/s at the Imperial College nuclear research reactor [69].
Some trace elements including the chlorine have been maintained with the same level of
concentrations in a total human body. These concentrations could be changed with various
diseases. For the measurements of the levels of the trace elements, the chemical analytic
methods had been used. Since these methods were destructive, the NAA was proposed for
the measurement of the total body level of the trace elements [70]. The total body level
of chlorine, calcium, phosphorus and sodium were measured by the NAA method; then, it
was proved that the total body level of the chlorine and sodium provided useful data in the
determination of disease status while both calcium and phosphorus were useless [70].
Body surface area, body weight, and muscle mass were considered for the normaliza-
tion [71]. In addition to these body dimensions, two more factors – age and sex – were
applied for consideration of the normalization; then, the absolute levels of total body chlo-
rine and total body sodium were measured by the NAA technique. The concentrations of
chlorine and sodium were constantly remained while both concentrations were decreased
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Figure 2.8: Relationship between total body sodium and total body chlorine [73]
slightly for females over 60 years old [72]. Table 2.7 shows both mean body weight and total
body chlorine with normalized value for both male and female. The total body chlorine and
the normalized value (=mean ratio of total body chlorine to body weight) have an agreement
with three different cases [7].
The relationship between the total body chlorine and the total body sodium was studied
for both males and females of the age group of 40-70 years as shown in Figure 2.8. The good
correlation between the total body chlorine and the total body sodium was observed with
the combined data of both sexes [73].
Different levels of the total body chlorine were studied for the purpose of the calibration
in the cases of high concentrations. Both phantoms containing 100 g and 1000 g of chlorine
were irradiated by neutrons at Brookhaven National Laboratory and the γ-ray spectra were
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Figure 2.9: Effect of increasing concentration of chlorine on the number of γ-ray counts per
mass of chlorine [74]
obtained. The MCNP simulations were performed for the comparison. Figure 2.9 shows
the effect of increasing concentration of chlorine on the number of γ-ray counts per mass of
chlorine for both experiment and simulation. The inverse relationship between the number
of γ-ray counts per mass of chlorine and the concentration of the chlorine was observed, and
both the MCNP simulation and the experiment have a close agreement. Figure 2.10 shows
the γ-ray spectra for the normalized chlorine concentrations by the mass of the chlorine.
Both normalized peaks by the chlorine concentration at 1.65 MeV and 2.15 MeV decreased
as the contents of the chlorine increased [74].
2.5 Summary
In this chapter, previous achievements related to this research were introduced. The defini-
tion of the biological trace elements was presented in more detail. The medical uses of the
trace elements in human body system were discussed. The examples of the NAA techniques
related to some cancers such as breast, brain, prostate, thyroid, colorectal, and uterine can-
cers were presented. Previous works for chlorine as a trace element by the NAA were studied.
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Figure 2.10: Comparison of γ-ray spectra for normalized chlorine concentrations by weight
[20]
The possibility of the medical use of the chlorine using by the NAA method was found. The
detailed will be discussed in chapter 6.
Based on the contents discussed in this chapter, the particle interactions for an idealized
detector will be studied in the next chapter. Mono-energetic γ-ray and neutron sources will
be designed, and Monte Carlo simulations for the γ-ray energy deposition for the pixelized
ideal detector as a function of distance will be performed. Secondary particles produced by
γ-ray interactions with detector materials will be studied.
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CHAPTER 3
STUDY OF PARTICLE INTERACTIONS FOR AN
IDEALIZED DETECTOR
This chapter’s purpose is to study both γ-ray and neutron interactions with a detector
material by designing idealized geometries and to provide a useful guideline for the theoretical
particle interactions based on well-benchmarked Monte Carlo simulation models. The reason
why the idealized model is studied is that it makes easier to design and possible to predict the
real particle interactions with the detector material. Thus, the approach to the idealization
is a stepping stone for understanding the particle interactions related to the real geometry.
As shown in Table 3.1, 3 types of γ-ray interactions - Photoelectric effect, Compton
scattering, and pair production – and 2 types of neutron interactions - Inelastic scattering
and radiative capture reaction – are considered for understanding the detection processes in
this research. Most idealistic geometries consisting of a point source and a detector will be
modeled using a Monte Carlo simulation toolkit, GATE. Mono-directional γ-ray and neutron
sources will be designed with three different mono-energies and the high-purity germanium
(HPGe) will be used as the detector material. γ-ray energy spectra will be obtained and
analyzed.
Secondary particles, especially electrons, generated by the particle interactions with the
detector material, are contributed to make signals in the detector. Secondary particles
ejected from photoelectric absorption, Compton scattering, and pair production will be
studied. Spatial distribution analysis of energy deposition of all particles including secondary
particles will be performed based on the pixelized detector geometry when using both γ-ray
and neutron sources.
3.1 Model specification and γ-ray interactions with a detector
material
The most basic geometrical configuration was modeled for understanding particle interac-
tions with a detector material. As shown in Figure 3.1, the γ-ray source was placed 0.5 cm
away from a detector, and mono-directional γ-rays with three different energies – 264.6 keV ,
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Table 3.1: Main interactions of γ-rays and neutrons
Particle Interaction Energy Definition
γ-ray
Photoelectric
Effect
Low
Ejected electron by all
energy transfer of incident
γ-ray
Compton
Scattering
Intermediate
A part of energy transfer to
electron by incident γ-ray
Pair Production High
Production of an electron
and a position pair
Neutron
Inelastic
Scattering:
(n, n’ γ)
Fast Nuclear Excitation
Radiative
Capture: (n, γ)
Thermal
Absorption with γ-ray
emission
527.7 keV , and 1836.1 keV were designated as a point source. The detector was designed
with a shape of a thin rectangular slab measuring to 44.8 × 44.8 × 2.2 mm3 and the HPGe
detector was used for this exercise due to its excellent energy resolution for γ-rays. High
energy resolution facilitates discrimination of adjacent γ-rays in the energy spectrum; thus,
the detailed γ-ray interactions could be analyzed [75].
The incident γ-rays on the detector are interacting with the detector material, high-purity
germanium. Three main γ-ray interactions - Photoelectric effect, Compton scattering, and
pair production - were observed as shown in Figure 3.1. The green line represents γ-rays,
the red line represents electrons, and the blue line denotes positrons. The yellow dot is the
position where the interactions occur in the detector. Some of the γ-rays are losing energy
through interactions in the detector and disappear, while others are passing through the
detector layer without interactions. The same applies to the secondary electrons. Some of
the electrons generated by γ-ray interactions with the detector material lose their energy
and are stopped, while the rest of these electrons penetrate the detector layer. Positrons, on
the other hand, annihilate, which create a pair of γ-rays.
Figure 3.2 shows individual γ-ray interactions – Photoelectric effect, Compton scattering,
and pair production - within the detector material. For the observation of the individual
γ-ray interactions, only one physics card corresponding to each interaction was used. In the
case of the photoelectric effect, the incident γ-rays transfer all their energy to an electron
in the germanium atom. This electron is then ejected. No γ-ray scattering is observed. In
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Figure 3.1: A picture of idealized geometry of a γ-ray source and a HPGe detector and a
plot of γ-ray interactions with the detector material by magnification of 100x (Yellow dot:
Interaction position, Green line: γ-ray, Red line: electron, Blue line: Positron)
the middle picture, multiple Compton scattering is observed. A γ-ray loses energy when
colliding with electrons. The γ-ray is subsequently scattered along with electron emission.
In the case of pair production, a photon with an energy exceeding 1.02 MeV is annihilated.
A positron-electron pair is then produced. As mentioned in Chapter 1, the photoelectric
effect is the most important interaction because most electron-hole pairs are created through
photoelectric absorption. The number of electron-hole pairs created is proportional to the
photon energy transferred in the photoelectric effect, which provides the intensity of the
detector output pulse [13].
3.2 γ-ray energy spectra analysis in the HPGe detector
γ-ray energy spectra were studied at different energies – 264.6 keV (Low), 527.7 keV
(Medium), and 1836.1 keV (High) – using the HPGe detector. Each γ-ray interacts with
the detector material,germanium, and the γ-ray could be detected by the signal created by
this interaction.
Figure 3.3 shows the γ-ray energy spectrum by using 264.6 keV mono-energetic γ-rays.
A photopeak, formed by the photoelectric effect from γ-rays, is observed at the energy of
264.6 keV . There is a Compton edge at the energy of 134.6 keV . The region between the
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Figure 3.2: GATE simulations of individual γ-ray interactions – Photoelectric effect (left),
Compton scattering (middle), and pair production (right)
photopeak and the Compton edge is called a Compton valley, which originates from multiple
Compton scattering events by a single γ-ray [76]. The region below the Compton Edge is
Compton region, also known as the Compton plateau, created by Compton scattering events.
There is a valley observed at 90.3 keV in the Compton continuum region. The detector pulses
in the Compton plateau are related to the probability of the captured Compton scattering
γ-rays since the count number is increasing when the γ-rays are scattered; then escape the
crystal. Due to the relatively small thickness compared to the length and width of the
detector, the scattered γ-rays with 90 degree are hard to be escaped. The small counting
number at this scattered angle makes the valley at the particular energy level [77].
Figure 3.4 represents the γ-ray energy spectrum recorded by the HPGe detector by using
mono-energetic γ-rays with an energy of 527.7 keV . Similar to the γ-ray energy spectrum
in Figure 3.3, the photopeak is observed at 527.7 keV , while the Compton edge is at 355.6
keV . There is also a valley at 268.1 keV in the Compton plateau for the same reason as in
the previous case.
Figure 3.5 denotes the γ-ray energy spectrum generated by the high-energy γ-rays. Sim-
ilar to the previous two energy spectra, the photopeak is observed at 1836.1 keV and the
Compton edge is observed at 1611.8 keV . Another two peaks at 1325.1 keV and 814.1 keV
are observed. They are the single escape peak and the double escape peak, respectively,
created by the pair production effect from γ-rays having an energy of over 1022 keV . As
mentioned in Chapter 1, two 511 keV γ-rays are produced by the pair production events.
The peak at 1325.1 keV is called the single escape peak and occurs when one of annihilation
γ-rays is absorbed and the other escapes. The double escape peak at 814.1 keV occurs
due to the escape of both annihilation γ-rays [78]. A valley in the Compton continuum is
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Figure 3.3: γ-ray energy spectrum recorded by the HPGe detector when using 264.6 keV
mono-energetic γ-rays
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Figure 3.4: γ-ray energy spectrum recorded by the HPGe detector when using 527.7 keV
mono-energetic γ-rays
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Figure 3.5: γ-ray energy spectrum recorded by the HPGe detector when using 1836.1 keV
mono-energetic γ-rays
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Figure 3.6: A diagram for γ-ray interactions with the detector material. PE, CS, PP mean
photoelectric effect, Compton scattering, and pair production, respectively. (Black: γ-ray /
Primary, Gray: γ-ray / Annihilation, Red: Electron / Secondary, Green: Positron /
Secondary, White: Characteristic X-ray)
observed at the energy of 1436.4 keV .
3.3 Spatial distribution analysis of energy deposition with γ-ray
source
The γ-rays flied directly to the center of the HPGe detector, then interacted with the detector
material. As shown in Figure 3.6, secondary particles were created by γ-ray interactions.
Electrons created by the photoelectric effect obtain all of the energy from the γ-ray, while
only a fraction of the energy is transferred to the electron in the Compton scattering events.
The γ-ray, which loses part of its energy through Compton scattering, could follow the
photoelectric effect, or the pair production when the γ-ray has over the energy of 1.022
MeV . Both electrons and positrons are produced through the pair production effect, while
the γ-rays are annihilated. These γ-rays could undergo another interaction. The energy
movement of secondary particles produced by γ-ray intreactions is maintained through a
detailed energy balance. Therefore, the deposited energy from the primary γ-rays is equal
to the energy of the ionized secondary particles [79].
The spatial resolution, which depends on pixel size of the detector, was studied with the
γ-ray and neutron sources with different energies. Smaller pixel size provides greater detail
in the detector. The same geometry in the previous section was used here. The detector
was pixelized, and the dimensions of this detector are 11 pixels by 11 pixels. Each pixel
measured to 4.07 × 4.07 mm2 with a thickness of 2.2 mm.
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Figure 3.7: Spatial resolution variation as a function of the energy of the γ-rays
The deposited energy from all secondary particles created from γ-ray interactions with the
HPGe detector was calculated in each pixel of the detector. As shown in Figure 3.7, three
different energies – 264.6 keV , 527.7 keV , and 1836.1 keV - of γ-ray sources were designed.
Since all of the γ-rays from the source are getting to the center of the detector, most of the
energies are deposited near the center of the detector; then, relatively more particles are
interacting and losing energies at the center. Thus, the probability the particles interacted
and lost energies becomes lower and the deposited energy decreases, as the particles are
further away from the center.
When comparing each graph in Figure 3.7, highest deposited energy at the center appears
in the case where the source energy is 1836.1 keV . Even though high-energy γ-rays have a
higher probability to pass through the thin HPGe detector without interacting than the low
energy γ-rays having a smaller mean free path and losing energy easily in the material, much
more energy is deposited once the high-energy γ-ray lose energy. Thus, the total deposited
energy in the whole detector is largest when using the high-energy γ-ray source. More details
will be discussed in section 3.6.1.
The used pixel size was not adequate to get a realistic spatial resolution. As shown in
Figure 3.7, the resolution was not expressed well because the pixel size was too large. To
specify the spatial resolution at the center of the detector, the pixel size of the detector was
rearranged as shown in Figure 3.8. The detector was divided into 25 pixels, each of which
measured to 8.96 × 8.96 mm2 with a thickness of 2.2 mm. However, the pixel at the center
of the detector needed to be more specified for higher-quality resolution. Therefore, the pixel
at the center was subdivided into 81 pixels. Each pixel has a size of 0.99 × 0.99 mm2 with
the same thickness as before of 2.2 mm.
With the modified pixeled stucture of the detector, 527.7 keV γ-rays propagated toward
the center of the detector. Same as the previous pixelization of the detector, the deposited
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Figure 3.8: The pixelized detector geometry
energy was calculated for each pixel. As shown in Figure 3.9, the number of γ-ray particles
from the source was limited to between 102 and 107 particles. The graph is inconsistent with
a smaller number of γ-ray particles, but becomes more consistent as the number of particles
increases. Namely, the energy deposition rate in each pixel is random with a smaller number
of the particles, while the graph approaches convergence with a large number of particles.
The spatial resolution of the energy deposition of each pixel in the detector is very good
with the finer mesh at the center pixel. Using the graphs in Figure 3.10, the full width at
half maximum (FWHM) values were compared. The calculated FWHM with the rearranged
pixelization is 1.00 mm while the FWHM of the previous model, with a source energy of
527.7 keV , is 4.10 mm. Therefore, the more pixelized detector has better spatial resolution.
3.4 Spatial distribution analysis of energy deposition with neutron
source
Some of the primary neutrons and the background neutrons interact with the detector ma-
terial. Some of the primary neutrons traveling at a higher angle are incident directly onto
the detector without interacting with the sample, while some of the primary neutrons scat-
ter at the sample then travel to the detector. These kinds of primary neutrons undergo
interactions with the detector, such as the neutron capture γ-ray emission interaction or
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Figure 3.9: Spatial resolutions of the energy deposition as function of the number of
particles
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Figure 3.10: Comparison of spatial resolutions of the energy deposition with different
pixelization
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Figure 3.11: A diagram for neutron interactions with the detector material. γ-rays are
emitted by (n, γ) or (n, n’) γ reactions and these γ-rays are interacted with the detector
material. PE, CS, PP mean photoelectric effect, Compton scattering, and pair production,
respectively. (Yellow: Neutron / Primary, Black: γ-ray / Secondary, Red: Electron /
Secondary, Green: Positron / Secondary)
inelastic scattering. Characteristic γ-rays are then generated and are self-absorbed in the
detector. The background neutrons also undergo similar processes. As shown in Figure 3.11,
the neutrons interacting with the detector material create characteristics γ-rays. Other sec-
ondary particles are generated by the interactions of these γ-rays through events such as the
photoelectric effect, the Compton scattering, and the pair production.
The same geometry of the detector as shown in Figure 3.8 was modeled. To understand the
neutron interactions with the detector material, three different energy levels – thermal, epi-
thermal, and fast - of neutrons were studied and HPGe was used as the detector material.
The energy of thermal neutrons was defined as 0.0025 eV while the epi-thermal neutron
energy was set to 1 keV and the fast neutron energy was set to 0.1 MeV . The detector was
divided into 25 pixels, then the center pixel of the detector was subdivided into 81 pixels.
As shown in Figure 3.12, the deposited energy from the thermal neutrons is much higher
than those of the epi-thermal and fast neutrons. As mentioned in Chapter 1, the thermal
neutrons contribute more to the neutron capture γ-ray emission reaction, while the fast
neutrons are involved in γ-ray emission through the inelastic neutron scattering. The γ-
ray emission from the neutron capture reaction is more dominant than γ-rays produced
through inelastic scattering. More characteristic γ-rays are generated through the thermal
neutron capture reaction with the HPGe material, then these γ-rays lose energy in the
detector. Therefore more energy is deposited through thermal neutron interactions than
through epi-thermal or fast neutron interactions. Since the detector thickness is very thin,
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Figure 3.12: Spatial resolution variation as function of the energy of the neutrons
both epi-thermal and fast neutrons easily pass through the detector without interacting.
3.5 Particle interaction analysis by energy deposition
Energy deposition as a function of the radius was studied to investigate the particle inter-
actions. For this study, the geometry was changed from a thin slab to a thin cylinder. The
previous thin rectangular slab measured to 44.8 × 44.8 × 2.2 mm3, while the new thin cylin-
drical detector has a 4.48 cm-diameter and a 0.22 cm-thickness. This detector was divided
into 50 segments of annulus shape with the same interval, at 0.896 mm.
Figure 3.13 shows the new geometry of the cylindrical detector. Similar to the previous
case, the HPGe was used. Both γ-rays and neutrons were used as sources, with the direction
of both particles aimed at the center of the detetor. Both particles interacted with the
detector and secondary particles, such as electrons, positrons, and annihilation γ-rays, were
created. By calculating the energy deposition of each particle in each annulus segment of
the detector, γ-ray interactions within the detector were investigated.
The γ-ray sources used in this research were γ-rays having an energy of 264.6 keV , 527.7
keV , and 1.84 MeV . In addition to these, 8.58 MeV and 10.84 MeV energy γ-rays were
studied because both γ-ray energies were observed as signals for chlorine and nitrogen in
a realistic detector geometry. The neutron sources were the same as those used in the
previous case. Thermal (0.0025 eV ), epi-thermal (1 keV ), and fast (0.1 MeV ) neutrons
were generated as neutron sources. Particles getting to the detector interacted with the
detector material, where secondary particles were generated. Some of these particles were
lost in the detector, where they deposited their energy.
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Figure 3.13: Thin cylindrical detector geometry for energy deposition analysis
3.5.1 Particle interaction analysis by γ-ray sources
As shown in Figure 3.7, electrons, positrons, and γ-rays are generated through γ-ray inter-
actions with the detector material. Electrons are created through the photoelectric effect,
Compton scattering events, and pair production. Positrons are only created through pair
production, while γ-rays are generated by positron annihilation during pair production. By
using this information, the γ-ray interactions with the detector material were analyzed.
Figure 3.14 represents the energy deposition of secondary electrons through γ-ray inter-
actions as a function of the radius. While the starting point of the curve for the high energy
γ-ray source is greater than that of the curve for the low energy γ-ray source, the ending
point of the curve for the high energy γ-ray source is lower than that of the curve for the
low energy γ-ray source. The high-energy γ-rays have a higher probability to pass through
the thin HPGe detector without interacting; then, less electrons are generated by the γ-ray
interactions and this results in less energy deposition. Thus, the curve for 527.7 keV γ-ray
source is at lower position than the curve for 246.4 keV γ-ray source. However, the curves
for 1.84, 8.58, and 10.84 MeV γ-ray sources are at higher position than the curve for 246.4
keV γ-ray source. This is because high energy γ-ray sources, such as the γ-rays with the
energies of 1.84, 8.58, and 10.84 MeV , create more electrons through the pair production
process. Two curves of the 8.58 and 10.84 MeV γ-ray sources are greater at a radius of
about 0.8 cm, while the curve for the 1.84 MeV γ-ray source is greater at a radius of about
0.15 cm. The remaining two curves for the 264.6 keV and 527.7 keV γ-ray sources have
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Figure 3.14: Energy deposition of secondary electrons through γ-ray interactions as
function of the radius
only the photoelectric effect and the Compton scattering events because the energy of the
source γ-ray does not exceed 1.022 MeV .
Figure 3.15 shows the energy deposition of the secondary γ-rays through the γ-ray inter-
actions as a function of the radius. These secondary γ-rays originate in the last stage of
multiple successive Compton scattering events and in the positron annihilation of the pair
production. The deposited energy of γ-rays by the low energy γ-ray source is higher than
that by the high energy γ-ray source because the high energy γ-rays easily escape the thin
detector moreso than do the low energy γ-rays.
The curve of the low energy γ-ray source is greater when compared to the curve of the high
energy γ-ray sources. Even though the starting points for the curves of the high energy γ-ray
sources are at the same position as the starting point for the low energy γ-ray source, the
ending point of the curve of the high energy γ-ray source is less than that of the low energy
γ-ray source. This is because the annihilation γ-rays generated in pair production affects the
curve. Even though the high energy γ-ray sources, such as the γ-rays with the energies of
1.84, 8.58, and 10.84 MeV , create annihilation γ-rays through the pair production process,
the γ-ray sources with energies of 264.6 and 527.7 keV do not create any annihilation γ-rays.
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Figure 3.15: Energy deposition of all γ-rays through γ-ray interactions as a function of the
radius
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Figure 3.16: Energy deposition of secondary positrons through γ-ray interactions as a
function of the radius
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Figure 3.16 represents the energy deposition of the secondary positrons through γ-ray
interactions as a function of the radius. In this case, the two curves representing the γ-ray
sources with energies of 264.6 keV and 527.7 keV could not be observed. This is because
there are no pair production events with these two source energies; therefore, no positrons
are produced. Only the curves for the γ-ray sources with energies of 1.84, 8.58, and 10.84
MeV undergo the pair production process.
The range of the positron is smaller than for other particles, such as an electron or a γ-ray.
As shown in Figure 3.16, the positron produced in the pair production event moves a little
bit, but annihilates to produce γ-rays.
3.5.2 Particle interaction analysis by neutron sources
As shown in Figure 3.11, electrons, positrons, and γ-rays are generated through particle inter-
actions by γ-rays created from the neutron interactions with the detector material. Electrons
are created by the photoelectric effect, Compton scattering events, and pair production of
the γ-rays, which are produced by the neutron capture reaction or inelastic scattering events
with the detector material. Positrons are only created by the pair production effect, while
the γ-rays are generated by positron annihilation by the pair production effect following the
neutron interactions. By using this information, the γ-ray interactions after the neutron
interactions were analyzed.
Figure 3.17 shows the energy deposition from the secondary electrons produced through
neutron interactions as a function of the radius. The curve for the thermal neutron source
is at the highest position because most of the characteristic γ-rays are produced through
thermal neutron capture reactions. The neutron capture reactions occur more so with the
thermal neutrons than with the epi-thermal and fast neutrons. The curves have consistent
shapes with all three cases and they are different from the curves for energy deposition from
secondary γ-rays produced by γ-ray interactions. Since the γ-ray source particles arrive
at the center of the detector, there is a high probability for interactions at the center of
the detector. However, there should be another stage when using the neutron sources. As
soon as the neutrons get to the center of the detector, neutron interactions occur, especially
neutron elastic scattering events. Thus, the neutrons move to positions far from the center of
the detector, where the neutron capture reactions or the inelastic scattering events happen.
Figure 3.18 and Figure 3.19 represent energy deposition of the secondary γ-rays and
positions produced through neutron interactions as a function of the radius, respectively. In
the same manner as the case with secondary electrons, both curves for the energy deposition
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Figure 3.17: Energy deposition of secondary electrons produced through neutron
interactions as a function of the radius
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Figure 3.18: Energy deposition of all γ-rays through the neutron interactions as a function
of the radius
51
Figure 3.19: Energy deposition of secondary positrons through the neutron interactions as
a function of the radius
52
Table 3.2: Total energy deposition in the detector by γ-ray and neutron sources [4]
Energy Level
γ-ray source
Deposited
Energy
264.6 keV
17.66 keV
(5.34 keV/cm3)
527.7 keV
15.05 keV
(4.55 keV/cm3)
1836.1 keV
37.15 keV
(11.22 keV/cm3)
8.58 MeV
50.72 keV
(15.32 keV/cm3)
10.84 MeV
52.31 keV
(15.8 keV/cm3)
Energy Level
Neutron source
Deposited
Energy
Thermal
(0.0025 eV )
104.34 keV
(31.52 keV/cm3)
Epi-Thermal
(1 keV )
2.38 keV
(0.72 keV/cm3)
Fast
(0.1 MeV)
1.64 keV
(0.49 keV/cm3)
of the secondary γ-rays and positions produced by the thermal neutron source the greatest.
3.5.3 Comparison of total energy depositions for γ-ray and neutron sources
Table 3.2 shows the total energy deposition in the detector from γ-ray and neutron sources.
The total energy deposition of all particles for each particle source in the detector were
calculated by summarizing each deposited energy in a pixel of the detector.
In the case of γ-ray sources, the deposited energy decreases by reaching the energy level of
1.022 MeV which the pair production events occur from, as the energy of the γ-ray source
increases. This is because high energy γ-rays easily pass through the detector without
interacting. And the deposited energy increases over the energy level of the pair production
as the energy of the source increases. This is because of the electrons and positions created
by the pair production effects of the high-energy γ-rays. In the case of neutron sources,
there is a much higher energy deposition in the detector using a thermal neutron source
than with epi-thermal and fast neutron sources. Since the neutron capture reactions are
dominant in the range of thermal energy, most characteristic γ-ray are produced through
the neutron capture reactions and more energies are deposited than epi-theraml and fast
neutron sources.
Comparing both γ-ray and neutron sources, the energy deposition from the thermal neu-
tron source is largest while the energy deposition from the fast neutron source is lowest. The
energy deposition values from γ-ray sources are between the values for the thermal neutron
source and the epi-thermal neutron source.
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3.6 Summary
This chapter presented the γ-ray and neutron interactions with the HPGe detector material.
Monoenergetic γ-ray and neutron sources were designated for interactions with the detector
material, which were studied using the Monte Carlo simulations. A γ-ray energy spectra
analysis using an energy deposition analysis through pixelization was performed. γ-ray and
neutron interactions were then analyzed by the production of secondary particles. The
highest total energy deposition is shown at the higher energy of the γ-ray source than the
lower energy γ-ray source due to the productions of the electrons and the positrons by the
pair production effect. However, thermal neutrons contribute to more energy deposition
than fast and epi-thermal neutrons since the neutron capture γ-ray emission reactions are
dominant in the thermal energy range of the neutrons and these γ-rays lose energy in the
detector.
The next chapter will handle the design of the PNF facility using MCNPX. This chapter
is the beginning point for designing the real detector. Thus, this chapter will focus on
optimizing the yield of thermal neutrons, which can then be used as a source for interactions
with various kinds of matter while minimizing background radiation inside the detection
system. This chapter will describe the specific PNF design, along with a set of calculated
dose profiles of the PNF laboratory and criticality conditions of the uranium fuel. The effects
on the geometry of the fuel pins, shielding configuration of the detection system and types
of moderating layer materials will be studied through multiple MCNPX simulations.
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CHAPTER 4
DESIGN OF PNF SYSTEM USING MCNPX
Initial research will be focused on optimizing the yield of thermal neutrons at the inner
surfaces of the detection system, which could then be used as a source for interactions with
various kinds of matters while minimizing background radiations. This is a preliminary work
for the multiple particle interactions with a sample and a detector, which will be studied in
Chapter 6.
This chapter describes the optimized design of the PNF system for the maximized produc-
tion of thermal neutrons and to minimize background neutrons at the inner surfaces of the
detection system. The multiple Monte Carlo simulations by the MCNPX were performed to
determine the optimized design of the PNF. One of variance reduction techniques, weight
window, will be used to reduce the computing time and increase the efficiency. The neutrons
emitted by a deuterium-tritium (D-T) neutron generator at the center of the PNF system
were passing through the fueled graphite monolith including the moderating layer and the
shielding materials of the detection system; then, the surface flux of these neutrons reached
the inner surfaces of the detection system was calculated using by the MCNPX. As shown in
Figure 1.1, various factors such as the configuration of fuel pins and the design of moderating
layer material of the fueled graphite monolith and the configuration of shielding materials
of the detection system will be considered. The optimization and thermalization factors will
be defined to determine the optimization of the system. In addition, radiation doses near
the PNF system as well as the criticality of the PNF were calculated.
4.1 Geometry of PNF
The PNF system is envisioned for neutron transport experiments and the detection of
neutron-material interactions. It will be possible to study nuclear fuel and moderator ef-
fects, material analysis via the detection of neutrons or γ-rays by the interactions of neutrons
with matters using this facility. As shown in Figure 4.1, the PNF is surrounded by 2 to 3
foot-thickness concrete shielding barrier to reduce parameter dose leaks. Detailed dose pro-
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Figure 4.1: MCNPX 2D models of the PNF laboratory (Left) and the specific PNF design
(Right)
files and shielding effects will be discussed in Section 4.3. Table 4.1 shows the material
composition for each component of the PNF laboratory.
As shown in Figure 4.1, the PNF consists of a fueled graphite monolith and a detection sys-
tem. The fueled graphite monolith was constructed with Al-clad, natural uranium, annular
fuel rods in a reactor-grade graphite matrix. It will incorporate a pulsed neutron generator
to produce high-energy neutrons, which are created by the D-T fusion reaction. The size
of the PNF is 152.4 × 152.4 cm2 with a height of 193.04 cm. It is made of reactor-grade
graphite surrounded by a 0.1 cm-thick cadmium liner and a 0.3 cm-thick aluminum panels.
It has channels for Al-clad, natural uranium, annular fuel rods. The facility also can be con-
figured with pure graphite by inserting reactor-grade cylindrical rods into the fuel channels.
The MCNPX model in Figure 4.1 shows an optimized geometry with seven columns of fuel
pins. This is explained in Section 4.5.2. The PNF has a central horizontal beam port, which
also holds the Thermo MF Physics Model P-385, pulsed neutron generator, at the mid-plane
of the graphite assembly.
The neutron generator uses pulsed D-T fusion events, D(T, n)4He, to generate neutrons.
The neutron generator emits nearly isotropic, 14.1-MeV neutrons with a nominal yield of
3×108 neutrons/second and a peak yield of 5×108 neutrons/second. The generator can pro-
duce pulses of neutrons with pulse widths between 5 and 1000 µs at a frequency between
250 - 20000 Hz [80]. Figure 4.2 shows the neutron production cross-section and the neu-
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Table 4.1: Material composition for the PNF components
Component Material Composition
Shielding Barrier Various Concretes
Graphite Uranium Subcritical Assembly Pure graphite + Uranium (U) fuel pin
Fuel Pin Natural Uranium (U) with Aluminum (Al) clad
Moderating Layer Variable (Table 4.3)
Detection System
Layer #1 (Outer) High-Density Polyethylene (HDPE)
Layer #2 Lead (Pb)
Layer #3 (Inner) Cadmium (Cd)
Detector HPGe, CdTe, NaI
tron spectra for D-T reactions, respectively. The D-T fusion reaction has highest neutron
production cross-section, 5 barn, at approximately 110 keV and the Coulomb barrier is
approximately at 360 keV . The D-T fusion generator produces high-energy neutrons by the
largest cross-section; the spectra is very similar to the Gaussian distribution curve centered.
The fast neutrons emitted from the D-T generator are moderated by the graphite monolith.
The fuel pins generate a subsequent fission reaction population.
Using MCNPX, the circular surface, which measures 1.12 cm in radius and being the same
as the target material inside the D-T neutron generator, was designed. In the MCNPX, the
Gaussian fusion energy spectrum of the circular surface source was defined by [19],
p(E) = Cexp[−(E − b
a
)2], (4.1)
where C is the normalization factor for the spectrum, and a is the energy width in MeV .
And b is the average energy in MeV . In this research, the energy width, a, was set as 1
MeV and the average energy, b, was set as 14.1 MeV for the D-T fusion reaction when
defining the neutron generator by the MCNPX. Figure 4.2 shows the neutron spectra for
D-T reactions calculated by the MCNPX simulation.
The detection system consisting of the detector, the sample, and the appropriate shielding
materials is shown in Figure 4.3. This system was designed to detect characteristic γ-rays
created by thermal neutron capture interactions with the sample material.
Combined shielding materials play a role in decreasing background neutrons and γ-rays.
The shielding consists of three different materials: high-density polyethylene (outer), lead,
and cadmium (inner) in Figure 4.3. A 1 mm-thick cadmium shielding liner surrounded the
box-shaped inner space, which measured to 32 × 32 × 40 cm3. The cadmium liner was
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Figure 4.2: A plot of the neutron production cross section for the D-T fusion reaction
(Left) and a plot of the neutron spectra for D-T reactions (Right) [79]
surrounded by a 5 cm-thick lead layer, and the lead layer was surrounded by 5 cm of HDPE.
By using these shielding layers, high-energy background neutrons decelerate in the HDPE
layer, and the resulting thermalized neutrons can absorb in the cadmium layer. The lead
layer was designed for shielding from background γ-rays.
The detector units are subdivided into eight smaller detector subunits. The dimensions
of these detectors are 32 pixels by 64 pixels, arranged to produce a 128 × 128-pixel square
detector horizontally. Each pixel measures 350 µm2. Therefore, each detector subunit has a
shape of a thin rectangular plate measuring to 44.8 × 44.8 × 2.2 mm3. Each detector plate
was placed 7 cm away from the center, with the center of the rectangular being normal to
the detector center. This is consistent with the design of Prof. Meng’s research group [81].
The biological sample was placed at the center of the detector array to maximize the
detection of characteristic γ-ray signals created by the neutron interactions. γ-rays were
emitted isotropically from the neutron capture reactions in the sample material. The sample
was designed as a cylindrical shape with 2-cm radius and 4.48-cm height. The radius was
chosen in consideration of the beam size of the primary neutron source, while the height was
selected in consideration of one side length of the detector.
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Figure 4.3: Diagrams of the detection system consisting of shielding materials, detector
(yellow), and sample (red)
4.2 MCNP weight window
Transporting more particles makes the error decreased in a simulation, but it takes a long
time to be operated. Even many particles are generated and transported, all of the particles
are not contributed to the result. Thus, there are meaningless particles directly or indirectly
unrelated to the outcome and these particles are involved in the time-consuming process
of the simulation. Many simulation programs use various variance reduction techniques to
reduce the computing time by some orders of magnitude and increase the efficiency [82].
This is because the variance reduction techniques make the calculation more efficient with
good statistics [15].
As shown in Figure 4.1, the geometries of the PNF and the detection system in this research
are related to deep penetrating particle problem. Since the distance from the source to the
detector is far enough, there are many-particle interactions during the simulation. Thus,
this simulation could be operated too slowly without any variance reduction techniques.
There are many variance reduction techniques - energy cutoff, time cutoff, geometry
splitting with Russian roulette, energy splitting/Russian roulette, time splitting/Russian
roulette, weight cutoff/Russian roulette, weight window, exponential transformation, im-
plicit absorption, forced collisions, source variable biasing, point and ring detectors, and
DXTRAN, which means deterministic transport - in MCNPX toolkit [15]. In this research,
the weight window, the second of the populated methods in the variation reduction tech-
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Table 4.2: Elemental composition of human phantom [84]
Elemental
Composition
Hydrogen Carbon Nitrogen Oxygen Chlorine Calcium
Weight Percent (%) 8.02 67.03 2.14 19.91 0.14 2.31
niques, was used for efficient calculation. The weight window is a technique to control the
weights of particles with energy change and movement of the various cells. If the weight of
a particle is in a lower weight bound, the Russian roulette is applied to the particle until it
is eliminated or it is within the weight window. If the weight of the particle is above the
upper weight bound, the particle is split [15,83].
The WWG card with the WWGE card was applied to use the weight-window generator in
the MCNPX. The WWG card could define a tally number to be able to optimize the weight-
window generator and value of the generated lower weight bound, and select the geometry
type generator (cell-based or mesh-based) and parameter type (energy-dependent or time-
dependent) of the weight-window. The WWGE card is optional and defines several groups
of energy bounds [19]. In this research, the tally number was set as 2 since the F2 tally was
used. The cell-based weight-window generator was applied at the cell including the source.
The value of the generated lower weight bound was set as the half of the average source
weight and energy-dependent weight window was used with the WWGE card. Thermal,
epi-thermal, high energy ranges were designed as the weight-window generation energy bins
by the WWGE card.
4.3 Dose profile modeling of PNF
The investigation of the shielding effectiveness with respect to radiation emitted by the D-T
reaction and subsequent secondary sources was performed for the safety assessment by the
MCNPX simulations. As shown in Figure 4.1, the PNF is surrounded by 60.96-cm thick
shielding barrier, and 60.96-cm thick shielding material also shields the ceiling, except for
the shielding barrier A, which has a thickness of 91.44 cm. A maze shaped entrance is
designed for the PNF room and the control room, so as that the radiation is attenuated in
a specific direction to be reduced the amount of the shielding structures [84]. Box-shaped
human phantoms, which had dimensions of 40 × 15 × 175 cm3, were located at 105 places
and its density is 1.03 g/cm3. These locations are shown in Figure 4.4. Table 4.2 shows the
elemental composition of the human phantom [85].
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To provide general guidance and rules, the National Council on Radiation Protection
and Measurements (NCRP) published a report related to shielding facilities for commercial
neutron generators [80]. By using the information from several other references [83, 86–88],
this report considered concrete as the best shielding material for D-T neutron generating
facilities due to its relatively low cost and its neutron absorption characteristics.
The MCNPX simulations were performed to calculate the dose rates of the 105 phantoms
near the PNF laboratory. The shielding effect for many types of concrete materials - ordinary
concrete, magnetite concrete, ferrophosphorus concrete, hematite concrete, and portland
concrete - were studied. The dose rates by both neutrons and photons were calculated at
each phantom.
The results of these simulations show that ordinary concrete had the most shielding effect
for this facility since it has a high composition of hydrogen by weight [89]. All doses, with a
few exceptions, were within the safe range, as shown in Figure 4.4. There are some high-dose
locations, such as at an outer wall of the central horizontal beam port for the D-T neutron
generator and open space near the maze. With additional shielding, the dose rate of these
locations can be decreased.
The F6 tally with the Dose Function (DF) option in the MCNPX was set up for the dose
rate calculation of each phantom. The F6 tally calculated the average energy deposition
over each phantom with the following equation [15].
Ht =
ρa
m
∫
dE
∫
dt
∫
dV
∫
dΩ σt(E)H(E)Ψ(~r, Ωˆ, E, t) (4.2)
Ht = total energy deposition in a cell (MeV/g)
ρa = atom density (atoms/barn− cm)
m = cell mass (g)
σt(E) = microscopic total cross− section (barn)
~r, Ωˆ, E, t = particle position vector (cm), direction vector, energy (MeV ),
and time (s)
V = volume (cm3)
The special dose conversion function based on the International Commission on Radiolog-
ical Protection (ICRP-60) for the energy deposition tally was used. The quality factor, Q,
is dimensionless and used for converting from absorbed dose to dose equivalent. This was
calculated with following equation in the MCNPX [15]:
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Figure 4.4: Composition of Elements for Ordinary Concrete and Calculation of PNF Dose
Rate (mrem/h) by MCNPX
QICRP−60(S(E, p)) =

1 if 0 < S(E, p) ≤ 10
0.32× S(E, p)− 3.2 if 10 < S(E, p) ≤ 100
300√
S(e,p)
if 100 < S(E, p)
, (4.3)
where S(E, p) is the stopping power of the unit in keV/µm.
The energy deposition data calculated by the F6 tally were normalized to the unit of the
neutron fluence; then, the absorbed doses were calculated by the fluence-to-absorbed dose
conversion factor of the DF function and these values were transformed to the biological
dose equivalent rate with Q factor of the DF function [90].
4.4 Criticality calculation
Nuclear criticality is defined as the capability for sustaining the fission chain reaction [91].
The criticality was used as the criterion for the neutron production rate and the thermal
neutron yield in this research. The criticality calculation was based on inserting fuel pins
into the fueled graphite monolith to increase neutron production. The model of the fuel
pin was based on the MARK VII uranium slug of TRIGA [92]. By using the MCNPX, the
criticality was calculated using different pitch intervals (the spacing between the centerlines
of two fuel rods). In MCNPX, the criticality, keff , is defined by [15],
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keff =
fission neutrons in generation i + 1
fission neutrons in generation i
. (4.4)
The production rate of the particles is balanced by the loss rate of the particles by the
criticality calculation. The critical system means the status when the number of the produced
neutrons by fission reactions in one generation is equal to the number of the created neutrons
in the previous generation. If the former is greater, it is called as the supercritical system.
The opposite is the subcritical system [15].
The optimal pitch distance was found and criticalities were further evaluated in the MC-
NPX using finite boundaries (real geometry) and infinite boundaries (ideal geometry). This
was done to compare the criticality in this research to the criticality of the configuration
leading to the highest neutron production, and is illustrated in Figure 4.5. In the case of
infinite boundaries, the critical pitch of the PNF is 8 inches with a criticality, k∞ , of ap-
proximately 1.1. For finite boundaries, a pitch of 4 inches is the optimum moderation with
a criticality, keff , of about 0.6. In the former case, the PNF is in a supercritical state when
the pitch distance is between 5.5 to 12 inches. However, the latter case keeps subcritical
conditions regardless of the pitch length. Since this research should handle fueled case, the
criticality calculations are a crucial factor in the production of fission neutrons. As shown in
Figure 4.1, a pitch of 5.76 inches, the graphite-uranium subcritical assembly was fabricated
with, has the criticality very close to the maximum in the case of finite boundaries.
4.5 Design of optimized geometry for maximized production of
thermal neutrons
The primary objective of the detection system is to detect and quantify the trace element
of the biological materials. The number of thermal neutrons interacting with the biological
sample was evaluated using MCNPX simulations. The fast neutrons emitted from the D-T
neutron generator were passing through the graphite monolith; then, those neutrons were
thermalized. The fission reactions between some of these thermalized neutrons and the fuel
pins were leading to additional fast neutrons. Most fast neutrons were moderated to the
thermal speeds by the graphite monolith and the moderating material layer, then getting
the inner surfaces after passing through the shielding layers of the detection system.
In this research, thermal neutrons will be captured by the biological sample; then, the
characteristic γ-rays will be created. Since these γ-rays will be used as the detection signals,
the number of the produced characteristic γ-rays is important. For high production rate
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Figure 4.5: Criticality calculation by MCNPX and fuel geometry (inset)
of these γ-rays, the flux of thermal neutrons should be maximized compared to fast, epi-
thermal neutrons at the inner surface of the beam port inside the detection system. On the
other hand, background neutrons on the inner surfaces of the detection system, except for
at the beam port, should be minimized for the optimization.
4.5.1 Definition of optimization factor and thermalization factor
To assess the optimization of various geometries, three parameters were considered: 1) the
ratio of thermalized neutrons on the inner surface of the beam port of the detection system, 2)
the flux of thermal neutrons on the inner surface of the beam port of the detection system,
and 3) the energy range of the total neutron flux on the inner surfaces of the detection
chamber, excluding neutrons passing through the beam port. The ability to optimize the
thermal neutron flux is a significant objective. Only thermal neutrons passing through the
beam port lead to foreground radiative capture events; thus, the thermalization factor, LTF ,
can be defined as a ratio of the number of thermal neutrons to the number of total neutrons
passing through beam port:
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Figure 4.6: A diagram of the detection system for the definition of the optimized geometry
LTF =
φThermal
φTot
=
∫
Thermal
φ(E) dE∫
Total
φ(E) dE
= 1− 1
RCd
, (4.5)
where RCd, cadmium ratio, is the ratio of the number of all energies of neutrons getting the
detector to the number of neutrons when the detector is covered with the cadmium, φTot is
all energies of neutron flux on the inner surface of the beam port of the detection system,
φThermal is thermal neutron flux on the inner surface of the beam port of the detection
system, and φ(E) is the energy-dependent flux. Background radiation also passes through
the inner surfaces of the detection chamber. The definition of the optimized geometry of the
system is further defined by:
LOF = LTF × φThermal
φBackground
= LTF ×
∫
Thermal
φ(E) dE∫
Background
φ(E) dE
, (4.6)
where φBackground is all energies of the neutron flux on the inner surfaces of the detection
chamber, except for the neutrons traversing the beam port. Figure 4.6 shows a diagram of
the detection system for the definition of the optimized geometry.
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A variety of simulations were performed to determine the optimized configuration that
minimizes the background neutron flux and maximizes the thermal neutron flux. MCNPX
simulations using the F2 tally option, which estimates the averaged scalar flux of the par-
ticles over a surface [19], were used for calculating the neutron flux of the inner surfaces of
the detection system. Based on the results of these flux calculations using different PNF
configurations, the thermalization and the optimization factors were calculated to find the
optimal PNF configuration.
4.5.2 Effect of configuration of fuel pins
Nuclear fission is one of the methods proposed to increase neutron production. Thermalized
neutrons from the D-T neutron generator react with the uranium fuel pins, increasing the
production of neutrons. The fuel arrangement of the PNF, therefore, is one of the most
important factors for the optimization of neutron flux into the detector system. Many
simulations using different configurations of fuel pins, ranging from the fully-fueled state
to no fuel, were performed. Based on the F2 tally data, the thermalization factor and the
optimization factor were calculated.
Figure 4.7 shows the calculated optimization factor, LOF and thermalization factor, LTF ,
versus the number of fuel pins removed. The thermalization factor increases rapidly and
becomes steady when six columns of fuel pins closest to the detection system are removed.
Because the ratio of fission neutrons with energies between 1–10 MeV [93] decreases as the
columns of fuel pins near the detection system are removed. This process also decreases the
flux of background neutrons. The optimization factor curve also increases drastically as the
thermalization factor increases and the number of background neutrons decreases, reaching
a maximum value when eight columns of fuel pins are removed. Past this maximum, the
optimization factor begins to decrease as more fuel pin columns are removed. This is related
to the thermalization of the fission neutrons by the fuel pins of the PNF at the inner surface
of the beam port of the detection system. If there are many fuel pins, the fast and epi-thermal
neutrons compared to the thermal neutrons at the inner surface of the beam port increase
because of the short distance between the fuel pins and the inner surface. In the opposite
case, the fast and epi-thermal neutrons hardly reach the inner surface of the beam port;
then, the ratio of the thermal neutrons at the inner surface of the beam port is highest, but
the number of the thermal neutrons is smallest. Finding optimizing point for both highest
ratio of the thermal neutrons and the highest number of the thermal neutrons at the inner
surface of the beam port is most important in this research.
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Figure 4.7: LTF and LOF versus the number of fuel pin columns removed (See Figure 4.1
for geometry)
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Table 4.3: Thermalization factors and optimization factors of different moderator materials
Moderator Material Thickness (cm) LTF LOF
Boron Carbide 2.54 0.88 151
5 % Borated Polyethylene 2.54 0.87 136
30 % Borated Polyethylene 2.54 0.87 136
Water 2.54 0.90 174
Heavy Water 2.54 0.88 145
Polyethylene
0 0.88 129
2.54 0.90 187
5.08 0.88 148
10.16 0.88 38
Deuterated Polyethylene (CD2) 2.54 0.88 129
Beryllium 2.54 0.88 151
4.5.3 Moderating material effect
In addition to the configuration of the fuel rods, different moderator materials were inves-
tigated in an effort to increase the thermalized neutrons at the inner surface of the beam
port of the detection system and decrease the background neutrons at the inner surfaces
except the beam port. A moderating layer was placed on the graphite monolith and in the
real detection system to increase the production of thermal neutrons at the inner surface
of the beam port as shown in 4.6. The moderator materials investigated included boron
carbide, borated polyethylene, water, heavy water, polyethylene, deuterated polyethylene,
and beryllium. Models with eight fuel pin columns removed, which corresponds to the max-
imum optimization factor value, and different moderator materials in the moderating layer
were simulated to further refine LTF and LOF . The results of these simulations are listed in
Table 4.3.
Both Fermi age and diffusion length are factors deciding if a material is good moderator
or not. Fermi age corresponds the mean square distance while slowing down of the fission
neutrons and the diffusion length is defined as the average distance traversed by the particle
from the birth to the absorption. When using polyethylene as opposed to other moderator
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materials, the optimization factor was maximized, as shown in Table 4.3. because of smallest
Fermi age and diffusion length compared to the other materials. For example, the Fermi age
and the diffusion length of the polyethylene are 19.8 cm2 and 2.12 cm, respectively, while
those of the water are 27.0 cm2 and 2.85 cm [94–96]. The fast and epi-thermal neutrons
are moderated to thermal neutrons when they pass through the moderating layer and are
absorbed by the cadmium liner of the PNF; then, fewer background neutrons are emitted
when using the polyethylene. This is because the hydrogen atoms in polyethylene also
caused multiple collisions with fast and epithermal neutrons; thus, these neutrons lost energy
and were moderated to thermal neutrons. The thickness of the moderating layer is also
considered. The optimization factor and the thermalization factor were calculated with
various thicknesses of the moderating layer material - 2.54, 5.08, and 10.16 cm - using
MCNPX simulations, and a 2.54-cm thick layer was selected as the optimum thickness.
4.6 Summary
In this chapter, the optimized PNF design was studied by using the multiple MCNPX simula-
tions. The thermalization and optimization factors were defined to determine the optimized
PNF configuration for maximizing the thermal neutron production at the inner surface of
the beam port of the detector system and minimizing the background neutrons on the inner
surfaces except at the beam port of the detection system. Both factors were calculated by
the MCNPX simulations considering the fuel pin configurations, types of moderating layer
materials. Both thermalization and optimization factors reached the maximum value when
eight columns of fuel pins were removed closest to the detection chamber and a 2.54-cm thick
polyethylene was used as the moderating layer material. In addition, criticality calculations
were performed with the MCNPX simulations and a pitch of 5.76 inches used in this research
is very close to the maximum in the case of finite boundaries. Radiation doses of the PNF
laboratory were profiled by using the MCNPX to support the construction of the facility.
Beam characteristics for particle interactions will be discussed in next chapter. Based
on the optimized PNF geometry, beam sources, both primary neutrons and background
particles, will be defined. The particle flux of inner and outer sufrces of the detection system
will be calculated with considerations of the angular distribution and the energy by using the
MCNPX simulations. The former model, where sources are initiated on the inner surfaces
of the detection system, will be used for only neutron-sample interactions in this research.
However, the latter model, with sources initiated at the outer surfaces, will be used to
investigate the effects of the shielding materials and configurations.
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CHAPTER 5
BEAM SPECIFICATION FOR GATE SIMULATIONS
Because this research involves in very complicated geometries, the MCNPX toolkit requires
a large amount of time to reach a final solution. This study used two phases to reduce unnec-
essary running time. The first phase sets the optimized PNF geometry using MCNPX, while
the second phase is the GATE simulation for the detector responses of particle interactions
within the sample material. Based on the optimal PNF geometry discussed in the previous
chapter, inwardly traveling flux could be calculated at either the inner or outer surfaces of
the detection system by the MCNPX, which can then be set as the source for the second
phase in the GATE simulation. Once the primary neutrons and the background particles
are defined by the MCNPX simulation in the first phase, these sources can be transported
to the GATE simulation. Thus, the simulation time for rerunning the first phase could be
reduced.
The previous chapter discussed the optimal design of the PNF system for maximizing the
thermal neutron production at the inner surface of the beam port inside the detector system
and minimizing the background neutrons on the inner surfaces except at the beam port
inside the detection system. Based on the PNF geometry with the maximum thermalization
and optimization factors calculated by the MCNPX program, the primary neutrons and
background particles at the inner surface of the detection system were defined.
This chapter will discuss beam characteristics for the particle interactions with sample
and detector materials. The primary neutrons and the background particles will be defined
and set up based on the optimized geometry of the PNF system. As shown in Figure 1.1, the
neutron and γ-ray flux data at the inner and outer surfaces of the detection system will be
calculated by the MCNPX simulations, then categorize into two groups – primary neutrons
and background particles. The case of the primary neutrons and the background particles
at the inner surfaces only will consider the interactions of the sample and the detector,
while the source particles at the outer surfaces will include those interactions as well as the
interactions of the shielding materials of the detection system. Neutron and γ-ray energy
spectra at each surface of the detection system will be obtained.
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Figure 5.1: Generating primary neutrons and background particles at the inner surfaces
(left) and the outer surfaces (right) of the detection system
5.1 Definition of the beam sources of the detection system
The beam source can be defined as inwardly traveling particles at the inner or outer surfaces
of the detection system. As mentioned in the previous chapter, the thermalized neutrons
are the main particles for the neutron capture γ-ray emission reaction. Neutrons passing
through the beam port of the detection system consist of over 90 % of thermal neutrons,
with the balance consisting of fast and epi-thermal neutrons. Therefore, the neutrons passing
through the inner or outer surface of the beam port can be defined as primary neutrons.
All neutrons passing through the inner or outer surfaces of the detector system, except the
primary neutrons, and all γ-rays passing through the inner or outer surfaces of the detector
system including the beam port can be defined as background particles.
The primary neutrons and the background neutrons are originated from the neutrons
emitted from the D-T neutron generator pass through the graphite monolith and the mod-
erating material layer of the PNF with or without the shielding materials of the detection
system. Some of these neutrons lost energy by interacting with the graphite monolith and
the moderating layer material before getting to the inner or outer surfaces of the detection
system. All γ-rays, defined as background particles, are generated via (n, γ) reactions.
As shown in Figure 5.1, beam sources were defined at two different places; primary neu-
trons and background particles were defined at the inner surfaces and the outer surfaces of
the detection system. The yellow arrows represent primary neutrons, and the blue arrows
denote background particles including γ-rays and neutrons. When sources are generated at
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the inner surfaces of the detection system, only particle interactions with the detector and
sample materials are considered. When sources are defined at the outer surfaces, particle
interactions with shielding materials should also be taken into account.
The former model, where sources were initiated on the inner surfaces of the detection
system, has already designed shielding layers of the detection system; thus, only the particle
interactions with the detector and sample are possible. However, the latter model, with
sources initiated at the outer surfaces, was used to investigate the effects of the shielding
materials and configurations.
5.2 Source design at the inner surfaces of the detection system
Based on the optimized PNF geometry, MCNPX simulations were rerun to obtain spectra
of the primary neutrons and the background particles at the inner surfaces of the detection
system. For setting up a more realistic source design, the surface partitioning, the energy
distribution and the angular distribution were all considered in the calculation of flux.
As shown in Figure 5.2, each surface of innermost rectangular parallelepiped was sub-
divided into smaller sections. The shape of the surface containing X, XBack, Z, and ZBack
was rectangular, measuring to 32 × 40 cm2. Each surface was divided into 3 sections, with
the area of each measuring 32 × 13.33 cm2. The surfaces Y and YBack were square-shaped,
and each surface measured to 32 × 32 cm2. Since surface Y was close to the graphite
monolith, and a larger number of particles were expected at this surface when compared
to other surfaces, the surface was divided into 5 sections - a circle with a 2 cm radius, an
annulus with a 2 cm inner radius and a 6 cm outer radius, an annulus with a 6 cm inner
radius and a 10 cm outer radius, an annulus with a 10 cm inner radius and a 14 cm outer
radius, and the remaining surface constituting the rest of the square. Even though the fewest
particles were expected to get the surface YBack, this surface was also divided into 5 sections
identical to surface Y .
With this surface partitioning, the solid angle and the energy of each particle was deter-
mined in MCNPX. The F2 tally was used to calculate the flux at each surface. Physical
quantity of the F2 tally, which unit is particles/cm2, is defined by [15],
φs =
1
A
∫
dE
∫
dt
∫
dA
∫
dΩ Ψ(~r, Ωˆ, E, t), (5.1)
where φs is an average flux on a surface, ~r, Ωˆ, E, t are particle position vector (cm), direction
vector, energy (MeV ), and time (sh; 1sh = 10−8s), respectively. Ψ means angular flux and
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Figure 5.2: A diagram of divided surface sources at the internal surfaces of the detection
system. Surface X,XBack, Z, andZBack are divided into 3 sections and surfaces Y, YBack are
divided into 5 sections.
its uint is particles/cm2/sh/MeV/steradian. The tally energy card and the cosine card
were added to specify the energy level and the solid angle of each particle [15,19,21]. While
the energy was distributed between 0 and 35 MeV over 280 energy bins, the solid angle was
varied between 0 and 90 degrees at 10-degree intervals corresponding to 1 to 0 in cosine bin.
The primary neutron source was defined as the inward flux of neutrons passing through
the section Y 1 of the surface Y in Figure 5.2. The background particles were defined as the
inward flux of neutrons and γ-rays passing through the inner surfaces except for neutrons
passing through the section Y 1. In other words, the background particles included the
neutrons passing through sections Y 2 - Y 5 of the surface Y and all sections of the surfaces
X, XBack, YBack, Z, and ZBack and the γ-rays passing through surfaces X, XBack, Y , YBack,
Z, and ZBack.
As mentioned above, 2 particle types (neutrons and γ-rays), 22 divided areas, and 9
different angles were considered to give a total of 396 (= 2 × 22 × 9) energy spectra bins
included in the MCNPX simulations. Of these spectra, 9 neutron energy spectra were
defined as the primary neutrons and 387 neutron and γ-ray energy spectra were defined as
the background particles.
Figure 5.3 shows the energy spectrum of the primary neutrons at the section Y 1 in 3-D
parameter space of E and Θ. Over 90 percent of the primary neutrons are thermalized based
in this. This large percentage of thermal neutrons is due to the PNF geometry, which was
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Figure 5.3: Energy spectrum of primary neutrons at the section Y 1 of the inner surface Y
of the detection system
optimized for beam specification with the best arrangement of the fuel fins, the moderating
layer material, and the shielding materials of the detection system.
The number of thermal neutrons decreased dramatically with an increasing angle. The
thermal neutrons passing through the beam port tended to go straight without interactions.
Some thermal neutrons scattered by the wall of the beam port had a possibility to lose its
energy. In other words, the beam port affects the beam intensity and distribution angle,
which, in turn, influences the production of thermal neutrons. At the inner surface of
the beam port, most thermal neutrons, including a small portion of fast and epi-thermal
neutrons, were traveling with a smaller angular distribution. The fast and epi-thermal
neutrons that were able to strike the inner surface of the beam port did so without significant
interaction with the moderating and shielding materials.
Figure 5.4 shows the energy spectra of the background neutrons at sections Y 2 - Y 5 of the
surface Y , and at all sections of the surface YBack. Even though the number of the background
neutrons are smaller compared to that of the primary neutrons, background neutrons include
more high energy neutrons than do the primary neutrons. Since the surface Y was closest
to the graphite monolith, the neutrons penetrating section Y 2 of the surface Y made up
the largest portion of the background neutrons. As the radius at the surface Y increased,
the number of neutrons passing through that surface decreased. In contrast, it was difficult
to find the neutrons at the surface YBack. This is because the background neutrons passing
through the surface YBack moved backward compared to the neutrons passing through the
surface Y and they needed to be scattered outside the detection system.
Figure 5.5 shows the energy spectra of the background neutrons at surfaces X, XBack, Z,
and ZBack. Since the number of background neutrons passing through these surfaces is much
smaller, the spectra of those neutrons at surfaces X, XBack, Z, and ZBack are inconsistent.
As mentioned above, background γ-rays are secondary particles generated by the neutron
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Figure 5.4: Energy spectra of the background neutrons at the sections Y 2-Y 5 of the inner
surface Y and all sections of the inner surface YBack of the detection system
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Figure 5.5: Energy spectra of background neutrons at all sections of the inner surfaces X,
XBack, Z and ZBack of the detection system
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interactions with the shielding and moderating materials through the neutron capture γ-ray
reactions or inelastic scattering effects [10].
Figure 5.6 shows the energy spectra of background γ-rays at the surfaces Y and YBack,
and those γ-rays followed a similar trend as the background neutrons. Since the surface
Y was closest to the beam port and the original position of the D-T neutron generator, a
much larger number of γ-rays, which emitted from the neutron interactions with the graphite
monolith and the moderating material layer of the PNF and the shielding materials of the
detection system, passed through the surface Y compared to the surface YBack. The number
of background γ-rays in surface Y decreased dramatically with an increase in the distribution
angle, and it was difficult for them to find at larger angular distributions.
As the radius at the surface Y increased, the number of γ-rays arriving at that surface
decreased. In common with the background neutrons, it is difficult to find the inward γ-rays
passing through the surface YBack because the background γ-rays passing through the surface
YBack followed backward compared to the γ-rays passing through the surface Y , and they
needed some materials to be scattered.
Figure 5.7 shows the energy spectra of background γ-rays at the surfaces X, XBack, Z and
ZBack. Those γ-rays were generated from neutron interactions with the graphite monolith
and the moderating material layer of the PNF or the shielding materials of the detection
system before arriving at those surfaces. Identical to the background neutrons, the spectra
of those γ-rays at surfaces X, XBack, Z, and ZBack are inconsistent. This is because the
neutrons interacted with the graphite monolith and the moderating material layer of the
PNF and the shielding materials of the detection system, then produced an only small
number of characteristic background γ-rays with specified energy levels.
As shown in Figure 5.6 and 5.7, most of the background γ-rays are in the range of the high
energy because those γ-rays are characteristic γ-rays originating from the neutron capture
reaction or the inelastic scattering of the neutrons.
5.3 Source design at the outer surfaces of the detection system
When considering source particle production at the inner surfaces, the shielding configuration
of the detection system was fixed as a 1 mm-thick cadmium liner, surrounded by a 5 cm-
thick lead layer, and finally surrounded by 5 cm of HDPE. On the other hand, the effects
of the shielding materials of the detection system were investigated by defining the primary
neutrons and the background particles at the outer surfaces.
As shown in Figure 5.8, each outermost surface of rectangular parallelepiped was divided
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Figure 5.6: Energy spectra of background γ-rays at all sections of the inner surfaces Y and
YBack of the detection system
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Figure 5.7: Energy spectra of background γ-rays at all sections of the inner surfaces
X,XBack, Z and ZBack of the detection system
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Figure 5.8: A diagram of divided surface sources at the outer surfaces of the detection
system
into 3 sections, and the area of each section was 52 × 20 cm2. The surfaces Y and YBack
were square-shaped, and each surface measured to 52 × 52 cm2. Since the surface Y was
close to the D-T neutron generator, and a larger number of particles were expected to arrive
here than at the other surfaces, the surface was divided into 7 sections - a circle with a
2 cm radius, an annulus with a 2 cm inner radius and a 6 cm outer radius, an annulus
with a 6 cm inner radius and a 10 cm outer radius, an annulus with a 10 cm inner radius
and a 14 cm outer radius, an annulus with a 14 cm inner radius and a 18 cm outer radius
and the remaining, an annulus with a 18 cm inner radius and a 22 cm outer radius surface
constituting the rest of the square. Although the fewest particles were expected to get to
the surface YBack, this surface was also divided into 7 sections identical with the sub-division
of surface Y .
Same as in the case with the primary neutrons and the background particles at the inner
surfaces of the detection system, the area partitions, the solid angle and the energy of each
particle were considered for the MCNPX simulations.
The primary neutron source was defined as the inward flux of neutrons passing through
the section Y 1 of the outer surface Y in Figure 5.8. The background particles were defined
as the inward flux of neutrons and γ-rays passing through the inner surfaces, except those
neutrons passing through the section Y 1.
2 particle types (neutrons and γ-rays), 26 divided areas, and 9 different angles were con-
sidered for a total of 468 (= 2 × 26 × 9) energy spectra were obtained by the MCNPX
80
Figure 5.9: Energy spectrum of primary neutrons at the outer surface Y 1 of the detection
system
simulations. Of these spectra, 9 neutron energy spectra were defined as the primary neu-
trons and 459 neutron and γ-ray energy spectra were defined as the background particles.
Figure 5.9 shows the energy spectrum of the primary neutrons with respect to the angular
distribution, with the distributions consisting of a large number of thermal neutrons as in
the former case. As shown in Figure 5.10, the intensity when initializing primary neutrons
at the outer surface is higher than that of those neutrons initialized the inner surface. This
is because neutrons at the outer surface do not interact with the shielding materials of the
detection system.
The number of thermal neutrons decreases dramatically with increasing distribution angle,
while the intensities of both fast and epi-thermal neutrons were very low at larger angular
distributions. Since this surface lied between the graphite monolith and the detection system,
the neutrons were easy to be scattered at the surface Y . However, the section Y 1 was on
the beam port of the detection system, and the moderated neutrons passing through the
graphite monolith and getting to the section Y 1 were not scattered much. Therefore, those
neutrons arriving at the section Y 1 were more likely to go through the beam port in a
straight, forward direction.
Figure 5.11 and 5.12 show the energy spectra of the background neutrons at the sections
Y 2 - Y 7 of the surface Y, the sections YBack2 - YBack7 of the surface YBack, all sections of
surfaces X, XBack, Z, and ZBack. Since the number of background neutrons passing through
these surfaces is much less, the spectra of those neutrons at surfaces X, XBack, Z, and ZBack
are inconsistent.
Those neutrons at the outer surfaces had a similar tendency as the neutrons on the inner
surfaces of the detection system with regards to the number of the background neutrons
being less than that of the primary neutrons. These neutrons also have a greater portion of
high energy neutrons than do the primary neutrons. As the radius at the surface Y increased,
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Figure 5.10: Comparison of energy spectra and angular distribution of primary neutrons at
section Y 1s of both inner and outer surfaces Y 1s of the detection system
the number of neutrons passing through that surface decreased. It is difficult to find the
neutrons at the surface YBack. Also, the intensity when using the primary neutrons getting to
the outer surface is higher than that of those neutrons getting to the inner surface. Because
those neutrons did not pass through the shielding materials, there was less moderation.
In contrast with the previous case where the background neutrons were getting to the
inner surfaces of the detection system, there were thermal neutrons observed in the case
when those neutrons arrived at the outer surfaces. This is because one of shielding materials
of the detection system is the HDPE and another is the cadmium. The thermal neutrons
passing through the shielding materials of the detection system were moderated by the
HDPE layer and absorbed by the cadmium layer. Therefore, only epi-thermal and fast
neutrons arrive at the inner surfaces of the detection system, and it is hard to find the
thermal neutrons on that surface.
Figure 5.13, 5.14 and 5.15 show the energy spectra of the background γ-rays at the sections
Y 2 - Y 7 of the surface Y, the sections YBack2 - YBack7 of the surface YBack, all sections of
surfaces X, XBack, Z, and ZBack. Even as the background neutrons decreased as those
neutrons passed through the shielding layers of the detection system, the background γ-rays
increased. Even though some of them were absorbed by the lead layer of the detection
system, the other background γ-rays were emitted by neutron-material interactions. This
is especially true when considering the neutron capture γ-ray emission reactions at the
innermost cadmium layer.
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Figure 5.11: Energy spectra of the background neutrons at the sections Y 2-Y 7 of the outer
surface Y and the sections YBack2-YBack7 of the outer surface YBack of the detection system
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Figure 5.12: Energy spectra of background neutrons at all sections of the outer surfaces X,
XBack, Z and ZBack of the detection system
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Figure 5.13: Energy spectra of background γ-rays at the sections Y 2-Y 7 of the outer
surface Y and the sections YBack2-YBack7 of the outer surface YBack of the detection system
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Figure 5.14: Energy spectra of background γ-rays at all sections of the outer surfaces X,
XBack, Z and ZBack of the detection system
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Figure 5.15: Energy spectra of background neutrons at the section YBack1 of the outer
surface YBack and background γ-rays at the section Y 1 of the outer surfaces Y and the
section YBack1 of the surface YBack of the detection system
5.4 Summary
This chapter described detailed beam specification. Based on the optimized design of the
PNF studied in the previous chapter, the primary neutrons and the background particles
at both the inner and outer surfaces of the detection system were defined. The flux of the
primary neutrons and the background particles at all the innermost and outermost surfaces of
the detection system were calculated by the MCNPX. For a more realistic configuration, each
surface was more specified - the energy bins were split, and the solid angle was subdivided.
As expected, the primary neutrons consisted mostly of thermal neutrons, with the re-
maining fraction being made up of fast and epi-thermal neutrons. Through comparison of
the background particles arriving at the inner and outer surfaces, the effects of the shield-
ing layers of the detection system were studied. Comparing to the intensity of the primary
neutrons at the outer surfaces, the intensity of the primary neutrons the inner surfaces were
decreased by the moderating effect of the neutrons by the HDPE, the absorption of the γ-ray
by the lead and the neutron capture by the cadmium of the detection system as shown in
Figure 5.10. The background neutrons were moderated by the HDPE and absorbed by the
cadmium, while background γ-rays were interacting with the lead and lost energies. Thus,
the flux of the primary neutrons and the background particles at the inner surfaces of the
detection system are smaller than the flux of both particles at the outer surfaces.
In the next chapter, an in vivo study for detection of the breast cancer using the GATE
Monte Carlo toolkit will be performed. The influence of the trace element, chlorine, will
be investigated using the neutron capture γ-ray emission reaction with sample materials.
The primary neutrons and the background particles will be employed for the study of the
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particle interactions with the sample and detector materials. Even the primary neutrons and
the background particles will be designed at the inner surfaces of the detection system with
fixed configurations of the shielding materials for chapter 6, the effectiveness of the shielding
configurations of the detection system will be discussed with the primary neutrons and the
background particles designed at the outer surfaces in chapter 7.
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CHAPTER 6
IN VIVO STUDY OF CHLORINE FOR DETECTION
OF THE CANCER USING GATE
This chapter describes the bench-marked Monte Carlo simulation model of in vivo detection
process of a trace element in a biological sample by using the PGAA method. The primary
neutrons and the background particles at all the innermost surfaces of the detection system,
based on the optimized geometry of the PNF, were determined in the previous chapter and
will be used as particle sources. Specific particle interactions with a sample and a detector
will be investigated in the realistic geometry. This research will be a cornerstone on which
to build and plan for real experiment.
Compared to the idealized case studied in Chapter 3, more complicated particle interac-
tions will be discussed. Only particle interactions with a detector material was discussed in
chapter 3. However, the particle interactions with a biological sample are added and studied
in this chapter.
As shown in Figure 1.1, the GATE simulations considering many variables will be per-
formed based on the MCNPX design of the source particles - primary neutrons and back-
ground particles at the inner surfaces of the detection system. The γ-ray spectra for a sample
of the breast cancer will be compare to the spectra when using the sample of the normal tis-
sue. Detector responses by three different detectors – HPGe, CdTe, and NaI detectors, will
be studied. Then, the normalized count ratio of the signal peaks will be determined for the
discrimination study of the chlorine concentration between the tumor and normal tissues.
In addition, analysis of the energy deposition by individual particles including secondary
particles will be performed and the spatial resolution variation will be discussed. The effect
of detector thickness will be also studied.
6.1 Neutron and γ-ray interactions with the sample and the
detector
There are crucial interactions with sample and detector materials caused by neutrons. As
mentioned in chapter 5, there are two types of neutron contributions – Primary neutrons
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Figure 6.1: A diagram of neutron interactions with sample and detector materials (Yellow:
neutron, Black: γ-ray, Red: electron, Green: positron, Gray: annihilation γ-ray)
and background neutrons. Primary neutrons have much higher probability interacting with
the sample than the background neutrons.
Figure 6.1 shows all neutron interactions with the sample and the detector considered in
this research. 1© - 3© represent the γ-ray interactions in the detector after neutron capture
reactions in the sample. These γ-rays are used as signals for detection of the specific trace
element of the sample. 4© - 9© are categorized in the background signals. These neutrons
interact with the detector directly; then, the capture γ-rays are created and interact with
the detector. In the cases of 4© - 6©, the neutrons are scattered by the sample; then, the
scattered neutrons are captured by the detector. The neutrons of 7© - 9© are captured directly
in the detector without any interactions with the sample. Thus, signal peak depends on the
electrons created by the γ-ray interactions in the detector, and these interactions originate
from the γ-rays created by the neutron capture reactions with the sample. Except for these
electrons, all created particles could be categorized as the background particles.
γ-rays created by the interactions with moderating and shielding materials could be de-
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Figure 6.2: A diagram of γ-ray interactions with sample and detector materials (Black:
γ-ray, Red: electron, Green: positron, Gray: annihilation γ-ray)
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Table 6.1: Neutron and γ-ray interactions with the sample and the detector material
Number
Neutron Interaction γ-ray Interaction
Sample Detector Sample Detector
1© Neutron
Capture
Pair Production Scattering Pair Production
2© Neutron
Capture
Compton Scattering Scattering Compton Scattering
3© Neutron
Capture
Photoelectric Effect Scattering Photoelectric Effect
4© Scattering Neutron Capture +
Pair Production
Scattering
Compton Scattering +
Pair Production
5© Scattering Neutron Capture +
Compton Scattering
- Compton Scattering
6© Scattering Neutron Capture +
Photoelectric Effect
- Photoelectric Effect
7© - Neutron Capture +
Pair Production
- Compton Scattering
8© - Neutron Capture +
Compton Scattering
-
Compton Scattering +
Pair Production
9© - Neutron Capture +
Photoelectric Effect
-
Compton Scattering +
Photoelectric Effect
tected by the detector. These γ-rays are categorized as the background particles. As shown
in Figure 6.2, these γ-rays could be getting the detector with or without interactions with
the sample. 1© - 4© show the γ-ray interactions in the detector after scattered in the sample.
In the cases of 5© - 9©, the γ-rays interact directly with the detector without passing through
the sample.
Details for both neutron and γ-ray interactions with the sample and the detector are
shown in Table 6.1.
6.2 Energy resolutions for NaI(Tl), CdTe and HPGe detectors
Energy resolution is defined as the ability to differentiate and specify between close-lying
peaks, characterized by disparate full width at one-half of the maximum heights (FWHM)
of a full peak, above the continuous background line [97, 98]. It is very useful to separate
adjacent energy peaks and identify ambiguous nuclides since each nuclide has a series of
particular energy peaks.
Figure 6.3 shows the calculated energy resolution as a function of energy for the NaI(Tl),
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Figure 6.3: The energy resolution as a function of energy for NaI(Tl), CdTe and HPGe
detectors [99]
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Table 6.2: Comparison of the energy resolution calculations for various detector materials
by the GATE simulations
Detector
Reference R0 at 662 keV
(keV)
Simulated R at 8.58 MeV
(keV)
HPGe 1.32 9.46
CdTe 3.97 28.39
NaI(Tl) 446.34 331.18
CdTe and HPGe detectors [99]. The NaI(Tl) detector has the highest FWHM value, while
the HPGe detector has the lowest value. The FWHM value of the CdTe detector is ap-
proximately 5 times larger than that of the HPGe detector. The HPGe detector has good
energy resolution performance when compared to the other detector materials due to the
relatively better hole collection efficiency [100]. The hole mobility of the HPGe detector is
1900 cm2/V/s while that of the CdTe detector is 80 cm2/V/s. All of the detectors have the
same trend of the FWHM, which increases with increasing γ-ray energy.
GATE has an energy resolution calculation function, which is defined by,
R =
R0E0√
E
. (6.1)
where R0 is a reference resolution, E0 is a reference energy value and E is an energy value
corresponding to R [20]. Table 6.2 shows the calculated energy resolution values of some
detector materials used in this research. Based on the reference value, R0, at the energy of
662 keV , the R value was calculated by the function of the GATE toolkit.
6.3 Detection of breast cancer
Breast cancer is the most prevalent cancer in women worldwide, and it has a high fatality
rate. According to the American Cancer Society, approximately 1 of 8 (12 %) females in the
US contracts invasive breast cancer [101]. Although the reason for the development of breast
cancer is not clear, women having a hereditary history is considered at higher risk [102].
Various methods such as X-ray mammography [103], PIXE [104], and XRF [105–110] were
used to differentiate between the tumor tissue and the normal tissue of the breast. Relative
concentrations of the component element for both tissues were studied as shown in Table 6.3.
Some elements such as sodium, chlorine, potassium, and calcium, differ significantly between
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Table 6.3: The element concentrations for normal and tumor breast tissues [99]
Element
Normal Tissue Tumor Tissue
Mass Fraction Mass (mg) Mass Fraction Mass (mg)
H 0.105407 6052.83 0.103909 5966.82
C 0.330143 18957.91 0.325452 18688.52
N 0.029832 1713.06 0.029408 1688.72
O 0.524053 30092.83 0.516606 29665.21
Na 0.003969 227.91 0.007777 446.58
Al 0.000014 0.82 0.000022 1.27
Cl 0.004227 242.73 0.008359 480.00
K 0.001913 109.85 0.007628 438.02
Ca 0.000177 10.19 0.000438 25.17
Mn 0.000001 0.05 0.000001 0.07
Fe 0.000210 12.04 0.000306 17.54
Co 0.000000 0.03 0.000001 0.04
Zn 0.000025 1.44 0.000044 2.54
Br 0.000015 0.87 0.000025 1.46
Rb 0.000013 0.74 0.000023 1.30
Cs 0.000000 0.00 0.000000 0.00
normal and cancerous breast tissues.
In this section, three different detectors – HPGe, CdTe, NaI detectors – were used to
detect the breast cancer. The total counts under the specific of the chlorine-35 at the
energy of 8.58 MeV was calculated for comparison of both normal and tumor tissues in
the different detector cases. The γ-ray spectra for both normal and tumor tissues as well
as the γ-ray spectrum without the sample were obtained. The γ-ray spectra by individual
primary neutron source and background particle source were analyzed when using the HPGe
detector. The study of the spatial distribution of the energy deposition and total energy
deposition analysis for both HPGe and CdTe detectors were processed.
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Figure 6.4: The γ-ray energy spectra for both tumor and normal tissues of the breast as
well as no sample with the HPGe detector
6.3.1 γ-ray energy spectrum analysis with HPGe detector
The γ-ray energy spectra for both tumor and normal breast tissues as well as the spectrum
without the sample were obtained as shown in Figure 6.4. The primary neutrons with
backgrounds particles was generated, and the HPGe detector was used to derive the γ-ray
signals by the neutron interactions with the sample. The γ-ray spectrum with no sample
was used to study the contributions of the both samples.
Compared to the γ-ray energy spectrum with no sample case, the contribution of the
sample could be explained. The peaks at 2.23 MeV (#2), 6.12 MeV (#6), 7.80 MeV (#10),
8.58 MeV (#12), and 10.84 MeV (#15) were originated from the sample. Especially, the
three peaks at 6.12 MeV (#6), 7.80 MeV (#10), 8.58 MeV (#12) were related to the trace
element, chlorine-35, for detection of the breast cancer. The peak at 2.23 MeV (#2) was
caused by the hydrogen and the peak at 10.84 MeV (#15) was from the nitrogen. Some
peaks shown up at 0.58 MeV (#1), 4.03 MeV (#3), 4.44 MeV (#4), 5.51 MeV (#5), 9.40
MeV (#13) came from the cadmium, one of shielding materials of the detection system,
while a peak at 8.08 MeV (#11) resulted from the lead, also one of shielding materials of
the detection system. The peaks at 6.50 MeV (#7), 6.78 MeV (#8), 7.42 MeV (#9), 10.20
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Figure 6.5: γ-ray spectra considering the cases using only the primary neutron particles,
only background neutron particles and finally the combination of the two
MeV (#14) were made up with the self-absorption of the neutrons in the detector material,
germanium.
When comparing spectra for both tumor and normal tissues, there were count differences
at those peaks made up by the chlorine-35. These peaks are obtained from the neutron
capture γ-ray reaction with chlorine in the breast tissue. Because chlorine has a large
neutron capture cross-section, the chlorine content appears more clearly in the spectra than
for the other trace elements. The chlorine could be used for the detection of breast cancer.
As shown in Table 6.3, the sodium and potassium contents are as high as the chlorine.
These peaks could not be observed in the spectra, however, due to the low neutron capture
cross-section of these elements. Except for those signal peaks from chlorine, the rest of peaks
come from interactions with the shielding and detector materials.
Two individual simulations were performed to figure out the contribution of the primary
neutrons in the γ-ray spectrum. The same geometry was used, but the particles reaching the
inner surfaces were killed in order to consider only the neutron interactions with the sample
tissue and with the detector. The sample used in these studies was a breast tumor tissue.
Only the primary neutrons were designed for a simulation, while another was processed using
only background particles.
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Figure 6.6: A comparison of γ-ray spectrum of combined individual curves for primary
neutrons and background particles and γ-ray spectrum simulated by both the primary
neutron source and the background particles together
Figure 6.5 shows three γ-ray spectra; the red curve considered only the primary neutron
particles; the blue curve considered only the background particles, and the black curve
combined both. The γ-ray signals from the background particles comprised a large portion
of the γ-ray spectrum, especially across the spectrum. The peaks at 6.50, 6.78, and 7.42
MeV were caused by the interactions of the primary and the background neutrons with
the detector material, germanium; even the primary neutrons contributed more than the
background neutrons. The signal peaks at 6.12, 7.80, and 8.58 MeV showed significant
spikes by the primary neutrons, but are less prevalent by only background particles.
It is very difficult to find out the signal peaks for disease detection in low energy range due
to the high background γ-ray signals from interactions with the shielding and moderating
materials. The background γ-ray signals decrease as the energy increases. Therefore, the
peaks in the range of high energy are easy to be discriminated than the peaks in the low
energy range because of low background signals. In this case, contributions to the signature
peaks at 7.80 and 8.58 MeV are dominated by the primary neutrons.
In Figure 6.6, combined individual curves for primary and background neutrons means
that individual simulations using only primary neutrons and only background particles were
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Figure 6.7: The γ-ray energy spectra for both tumor and normal tissues of the breast as
well as no sample with the CdTe detector
combined. The red curve indicates that the primary neutrons and background particles were
simulated together. Both γ-ray spectra are consistent, including where neutron interactions
dominate the spectra.
6.3.2 γ-ray energy spectrum analysis with CdTe detector
In addition to the HPGe detector, the CdTe detector was used to compare the γ-ray energy
spectra for both the tumor and normal breast tissues. The CdTe is a detector material for
use in γ-ray and X-ray detection as well as the neutron detection and is very attractive
due to its wide bandgap and good electron transport characteristics at room temperature or
higher [12-14].
Figure 6.7 shows the γ-ray energy spectra with the CdTe detector for both tumor and
normal tissues of the breast as well as no sample. Compared to the HPGe detector case,
higher peaks by the neutron capture of the cadmium observed at 0.58 MeV (#1), 4.03 MeV
(#4), 4.44 MeV (#5), 5.51 MeV (#8), 9.40 MeV (#12) while some peaks at 3.68MeV
(#3), 4.79 MeV (#6), 5.15 MeV (#7) are originated from the neutron capture of the
tellurium. Except for those peaks, the spectra for the tumor and normal tissue cases have
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Figure 6.8: The γ-ray energy spectra for both tumor and normal tissues of the breast as
well as no sample with the NaI detector
the similar trends and consistent peaks for the chlorine with the case of the HPGe detector.
6.3.3 γ-ray energy spectrum analysis with NaI detector
NaI detector is the most prevalent scintillation detector for the γ-ray detection due to the
high photon output caused by the γ-ray interactions, the ability to control the detector size
and shape, and the lower cost of the material [15].
Figure 6.8 shows the γ-ray energy spectra with the NaI detector for the tumor and normal
tissues of the breast as well as no sample. Compared to the previous two detectors, the NaI
detector has only signal peak at 8.58 MeV (#1). The γ-ray energy spectrum without a
sample is used to explain the contribution of the sample.
Compared to the cases of the HPGe and CdTe detectors, the energy resolution of the NaI
detector is not compatible. The resolution of the HPGe detector at 8.58 MeV is around 9.46
keV , and that of the CdTe detector at the same energy level is about 28.39 keV while that
of the NaI detector is measured to be approximately 331.18 keV . Therefore, the spectrum
using the NaI detector has a broader peak than the peaks at same energy level when using
both HPGe and CdTe detectors. In spite of the broadness of the peaks, the breast tumor
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could be diagnosed using the difference of the peak count at 8.58 MeV of the chlorine-35,
which is the only discriminated peak in this case.
6.3.4 Energy deposition analysis for breast cancer
As studied in section 6.1, there should be many interactions related to neutrons and γ-rays
in the detector. As discussed in chapter 3, the secondary particles created by the γ-ray
interactions with the detector contribute to the signals for the γ-ray detection. Since the
deposited energy by primary γ-rays is equal to the energy of the ionized secondary particles,
the deposited energy of the secondary particles including electrons, positrons, and γ-rays
could be calculated.
With the realistic geometry, the spatial resolution of the HPGe detector was studied
when using the breast cancer sample. Each detector was pixelized, and the dimensions of
this detector are 11 pixels by 11 pixels. Each pixel measured to 4.07 × 4.07 mm2 with a
thickness of 2.2 mm.
Figure 6.9 shows the spatial resolution variation as a function of the energy in the HPGe
detector when using the sample of the breast cancer. Since the detector consisted of 8
individual sub-detectors, the average value of deposited energy of each pixel was used.
Since the γ-rays created by the neutron capture reactions with the sample are emitted
isotropically, the intensity of the deposited energy is higher at the center of the detector
when the only primary neutrons were used. As the distance is far from the center, the
deposited energy of the particles decreases. The reason why the highest deposited energy is
not showing in the center of the detector is that there are some neutrons interacting with
the detector without interactions with the sample, and these neutrons are coming from the
part close to the PNF. In the case of the background particles, it is clear to show the high
energy deposition at the part of the detector close to the PNF. Since the most background
particles are originated from the interactions with the moderating material of the PNF and
the shielding materials of the detection system, the region of the detector nearer to the PNF
has a high probability of particle interactions and energy deposition. The higher energy
deposition for both the primary neutrons and the background particles is shown at the
region of the detector closer to the PNF.
Additionally, the contribution of energy deposition by the signal peak of the energy of 8.58
MeV in the γ-ray spectrum was studied for both cases of the HPGe and CdTe detectors.
Particle sources were categorized in the background γ-rays, background neutrons, and pri-
mary neutrons. The deposited energy by individual particles – γ-ray, positron, and electron
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Figure 6.9: Spatial resolution variation as function of the energy in the HPGe detector
when using the sample of breast cancer
Figure 6.10: Energy deposition by individual particles when using the HPGe and CdTe
detectors with and without the sample of the breast cancer
– was calculated when using each particle source. Therefore, the energy deposition contri-
bution by each particle source in each detector was analyzed according to each secondary
particle created by source particle interactions with and without the sample.
Figure 6.10 shows the deposited energies by the individual particles when using the HPGe
and CdTe detectors with and without the sample of the breast cancer. In both detectors, the
deposited energy when using the background γ-ray source is highest; then, comes when using
the primary neutrons and the background neutrons in that order. Most energy is deposited
by the secondary electrons created by the interactions of each particle source. Only the
secondary γ-rays and the positrons emitted by particle interactions occupied in a small part
of energy deposition.
The CdTe detector has a higher probability of absorbing photoelectrons due to the high
Zeff . Thus, the deposited energy in the CdTe detector when using the background γ-ray
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source is higher than that in the HPGe detector. When using the primary and background
neutron sources, more neutrons are captured, and more characteristic γ-rays are emitted
in the case of the CdTe detector due to the high neutron absorption cross-section of the
cadmium atom; then, more secondary particles are created.
The energy depositions are calculated both with and without a sample for the study of the
contribution of the sample in the detector. Figure 6.11 shows the energy deposition difference
between with and without the sample of the breast cancer when using both the HPGe and
CdTe detectors. Since most primary neutrons are flying to the sample, their contribution is
biggest; then the background γ-ray source comes. Because of high neutron capture cross-
section of the cadmium element in the CdTe detector, the interaction rate is smaller than that
of the HPGe detector. The energy deposition contributed by the interaction of the primary
neutrons with the sample in the HPGe detector occupies around 10 % (2.10 eV/cm3) of
the total energy deposition by the primary neutrons while it is about 6 % (2.47 eV/cm3)
in the case of the CdTe detector. Thus, the primary neutrons contribute much more to the
energy deposition compared to background particles. Among these energy deposition values,
only the energies of 2.75E-3 eV/cm3 and 3.25E-3 eV/cm3 are deposited by the photoelectric
effect at the signal peak of the 8.58 MeV in the HPGe detector and the CdTe detector,
respectively.
The energy deposition by the background neutrons for both detectors decreases when the
sample is inserted due to the screen phenomenon. Some γ-rays emitted from the background
neutron capture reactions in the detector are flying to another detector on the other side
without interactions in the current detector. When the sample is inserted, some of these γ-
rays are absorbed before getting the detector on the other side. Thus, the γ-rays interacting
with the detector at the other side decreases compared to the case without the sample.
6.3.5 Detection concentration limit of chlorine of breast tissue
Elemental concentration in the sample tissue is a critical factor for the detection of disease.
The concentration of chlorine could be used to detect the breast cancer since the elemental
concentration differs significantly between cancerous and normal tissues.
Figure 6.12, 6.13, 6.14 show the calibration curves for net counts under the chlorine peak
as a function of chlorine amount in the in vivo measurement of the breast tissue. The total
net counts in Figure 6.12 was measured at the 6.12 MeV of chlorine peak. The total net
counts in Figure 6.13 was measured at the peak of 7.80 MeV . The total net counts in
Figure 6.14 was measured at the peak of 8.58 MeV . The tissue sample volume modeled in
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Figure 6.11: Energy deposition difference between with and without the sample of the
breast cancer
104
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0
0 . 0 E + 0 0
1 . 0 E - 0 6
2 . 0 E - 0 6
3 . 0 E - 0 6
4 . 0 E - 0 6
5 . 0 E - 0 6
6 . 0 E - 0 6
7 . 0 E - 0 6
8 . 0 E - 0 6
Cou
nts 
(/so
urce
 par
ticle
)
M a s s  ( m g )
Figure 6.12: The detectable amounts of chlorine for the specific peak at 6.12 MeV in
breast tissue
this research was 56.27 cm3, and the density of breast tissue was 1.02 g/cm3.
The net counts for the chlorine peaks were calculated for a range of chlorine masses ranging
from 10 mg to 775 mg. A small mass pertains to the normal tissue amount while a large mass
pertains to the cancerous tissue amount. The number of total net counts at the specifi peak
tends to be proportional to the concentration of the chlorine in the sample. The minimum
detection limits are 100 and 10 mg at both peaks of 6.12 MeV and 7.80 MeV , individually,
while the detection limit of the energy peak at 8.58 MeV is about 10 mg which corresponds
to 17.41 ppm. These values are considered of approximately 10 % error. In the case of the
peak at 6.12 MeV , its error is a little bit higher compared to the other two cases because of
the high backgrounds. Even though the peak at 7.80 MeV has lower backgrounds compared
to the peak at 6.12 MeV , its intensity is relatively small. The peak at 8.58 MeV has low
backgrounds and high intensity compared to the other two peaks; then, its detection limit
is more reliable with a relatively small error.
6.4 Discrimination for total counts of the specific energy peak
between tumor and normal tissues
Peak count difference at the specific energy between tumor and normal tissues could be a
paramount factor for the detection of a disease. The concentration of the chlorine-35 gives
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Figure 6.13: The detectable amounts of chlorine for the specific peak at 7.80 MeV in
breast tissue
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Figure 6.14: The detectable amounts of chlorine for the specific peak at 8.58 MeV in
breast tissue
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Table 6.4: The count ratio of signal peaks between tumor and normal tissues of the breast
with different kinds of detectors (109 particles)
Detector
Energy
(MeV )
Total Counts for
Normal Tissue
Total Counts for
Tumor Tissue
Count
Ratio
HPGe
6.12 2522 ± 106 5708 ± 145 2.26 ± 0.11
7.80 1389 ± 49 3345 ± 71 2.41 ± 0.10
8.58 5901 ± 79 9800 ± 100 1.66 ± 0.03
CdTe
6.12 2700 ± 152 6500 ± 158 2.41 ± 0.15
7.80 2255 ± 72 3175 ± 77 1.41 ± 0.06
8.58 5563 ± 79 11669 ± 110 2.10 ± 0.04
NaI 8.58 4481 ± 118 6991 ± 132 1.56 ± 0.05
effects on the decision related to an abnormality of the tissue. The peaks by the chlorine-35
can be found at the energies of 6.12, 7.80, 8.58 MeV for both HPGe and CdTe detectors
while the NaI detector has only peak at the energy of 8.58 MeV due to the resolution.
Using the average total counts and the standard deviation at the specific peak, the count
ratios were calculated. As shown in the γ-ray energy spectra from interactions from both
primary neutrons and background particles using the detectors for both tumor and normal
tissues of the breast, the total counts of the tumor tissue at a specific energy peak are larger
than those of the normal tissue at the same energy peak for all of the signal peaks from
chlorine.
Table 6.4 shows the count ratio of signal peaks between tumor and normal tissues of the
breast using primary neutron particles and background particles for specific energies – 6.12,
7.80, 8.58 MeV for both HPGe and CdTe detectors and only 8.58 MeV for NaI detector.
Each count ratio is calculated by,
Count Ratio =
Total Counts of tumor tissue at specific energy peak
Total Counts of normal tissue at specific energy peak
. (6.2)
The count ratio could stand for the discrimination rate for both the tumor and the normal
tissue cases. Since the concentration of the chlorine-35 in the tumor tissue is nearly twice
than that in the normal tissue, the count ratio should be almost 2. As shown in Table 6.4,
the count ratios are consistent as about 2 in all detector cases. The data of the total counts
of the specific energy peak for different detectors is described in APPENDIX D.
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Table 6.5: The count ratio as function of the detector thickness for both HPGe and CdTe
detectors (109 particles)
Detector
Thickness
(mm)
Total Counts for
Normal Tissue
Total Counts for
Tumor Tissue
Count
Ratio
HPGe
1.1 3910 ± 64 9121 ± 96 2.33 ± 0.05
2.2 5901 ± 79 9800 ± 100 1.66 ± 0.03
4.4 6121 ± 85 11632 ± 114 1.90 ± 0.03
CdTe
1.1 5408 ± 76 10703 ± 106 1.98 ± 0.03
2.2 5563 ± 79 11669 ± 110 2.10 ± 0.04
4.4 7327 ± 94 12591 ± 116 1.72 ± 0.03
6.5 Thickness effects of both HPGe and CdTe detectors
The thickness of the detector is connected to the detector efficiency. As the detector is
thicker, more particles could interact with the detector material. On the contrary to this,
there is a higher probability of particles passing through the detector without interactions if
the detector is thin.
Two kinds of detectors – HPGe and CdTe detectors – were modeled for the study of the
effects of the detector thickness. Three different detector thicknesses – 1.1, 2.2, and 4.4 mm
- were applied to both detectors in the case of the breast cancer and a signal peak at the
energy of 8.58 MeV was chosen for calculation of the total counts.
Table 6.5 shows the count ratio as a function of the detector thickness for both HPGe
and CdTe detectors. The count ratios in all thicknesses of both detectors are persistant as
approximately 2 for the reason mentioned in previous section. The data of the total counts
of the specific energy peak for the detector thickness of both HPGe and CdTe detectors is
described in APPENDIX E.
In the cases of both detectors, the number of total counts of the signal peak of both normal
and tumorous tissues has an increasing trend with the thicker detector. The mean free path
of the γ-rays in the HPGe detector is 6.0 cm while that in the CdTe detector is 4.3 cm.
Since the thicknesses of the detectors are relatively thin compared to the mean free path in
both mediums, it is more probable for the γ-rays to pass through both detectors without
interactions as the detector thickness is thinner.
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6.6 Summary
In this chapter, the practical method for detection of breast cancer was handled using the
GATE simulation toolkit. Based on the optimized geometry of the PNF discussed in previous
chapters, the interactions of the primary neutrons and the background particles with the
sample and detector materials were studied. The γ-ray energy spectra for both normal and
tumorous tissues of the breast sample were analyzed using different detector materials. Since
the concentration of chlorine-35 in the tumorous tissue was approximately twice as that in
the normal tissue, the calculated count ratios are maintained as about 2 in all detector
cases. Spatial distribution of the energy deposition in the detector has been investigated
for understanding the secondary particle interactions in the detector with the study of the
biological sample contribution. The thickness effects of both HPGe and CdTe detectors
were also discussed and the number of total counts of the signal peak of both normal and
tumorous tissues increased as the detector became thicker.
Next chapter will discuss various detection system geometries based on the primary neu-
trons and the background particles at the outer surfaces of the detection system for finding
optimized geometry.
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CHAPTER 7
EFFECTS OF SHIELDING CONFIGURATIONS OF
DETECTION SYSTEM
Since the previous chapter used the fixed shielding configuration of the detection system
with source particles on the inner surfaces, the effects of the configuration of the shield-
ing materials could not be studied. A change in the configuration of the detection system
can affect the γ-ray spectrum in this research because this change can affect the interac-
tions between the particles and the shielding materials. The configuration of the shielding
structures is a factor that affects optimized detection of the signal γ-rays. Well-design of
the optimized configuration of the shielding materials of the detection system contributes
to maximizing the signal γ-rays and minimizing background γ-rays in the detector. This
chapter describes the bench-marked Monte Carlo simulation models to investigate effects of
shielding configurations of the detection system.
The primary neutrons and the background particles designed at the outer surfaces of the
detection system will be designed with various geometries of the detection system, and the
shielding effects will be studied with the modification of the shielding configurations. When
considering particle production on the inner surfaces in the previous chapter, the shielding
configuration was fixed as a 1 mm-thick cadmium liner surrounded by a 5 cm-thick lead layer,
and finally surrounded by 5 cm of HDPE. The configuration of the shielding structures of
the detection system, however, could be manipulated within GATE simulations, and the
geometry for optimized concentration discrimination of the chlorine element between the
tumor and normal tissues could be obtained. Thus, the primary neutrons and the background
particles were set up at the outer surfaces of the detection system; then, the other geometries
shown in Table 7.1 will be simulated to compare the discrimination of the signal peak at
8.58 MeV between the tumor and normal tissues.
7.1 Description of modified geometries
Figure 7.1 shows various modified geometries of the detection system for optimized concen-
tration discrimination of the chlorine element between the tumor and normal tissues. As
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Table 7.1: Modified configurations of the shielding materials of the detection system
# of
Geometry
Shielding Configuration
Note
Outer Middle Inner
Standard 5 cm of HDPE 5 cm of Pb 0.1 cm of Cd -
#1 5 cm of HDPE 0.1 cm of Cd 5 cm of Pb -
#2
5 cm of 5 % Borated
Polyethylene
0.1 cm of Cd 5 cm of Pb -
#2-1
5 cm of 5 % Borated
Polyethylene
0.1 cm of Cd 5 cm of Pb Opening of Back Side
#3
5 cm of 10 %
Borated Polyethylene
0.1 cm of Cd 5 cm of Pb -
#4
Thick 5 % Borated
Polyethylene
0.1 cm of Cd 5 cm of Pb -
#4-1 Thick HDPE 0.1 cm of Cd 5 cm of Pb Opening of Back Side
#4-2
Thick 5 % Borated
Polyethylene
0.1 cm of Cd 5 cm of Pb Opening of Back Side
#4-3
Thick 10 % Borated
Polyethylene
0.1 cm of Cd 5 cm of Pb Opening of Back Side
#5
5 cm of 5 % Borated
Polyethylene
0.1 cm of Cd 5 cm of Pb
Additional 5 % Borated
Polyethylene Layer
shown in geometry #1, the shielding material order of the detection system was changed.
Originally, the shielding included a cadmium inner liner, surrounded by a layer of lead fol-
lowed by a layer of HDPE. In the new configuration, the positions of the lead and the
cadmium were switched. The new shielding configuration for the detection system was de-
signed with a 5 cm-thick HDPE outer layer, a 0.1 cm-thick cadmium middle layer, and a 5
cm-thick lead liner layer.
Geometries #2 and #3 shows the same structure with geometry #1. In both cases, the 5
% and 10 % borated polyethylene was used instead of the HDPE to investigate the shielding
effects of the boron since boron-10 has a large neutron absorption cross-section, at 3840
barns.
A new geometry was proposed to maximize the shielding effects for the detection system
and minimize the background particles detected by the detector. As shown in geometry
#4, the newly defined geometry had a box-shaped hollow space, which measured to 16 ×
16 × 6 cm3. This space was surrounded by a 5 cm-thick lead layer, which was surrounded
by 0.1 cm of cadmium. The rest of the detection system was stuffed with the 5 % borated
polyethylene.
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Figure 7.1: Various geometries of the detection system for optimized concentration
discrimination of the chlorine element
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As shown in geometry #5, an additional shielding material was inserted into the existing
detection system. This geometry was strengthened with shielding from the previous geom-
etry, which had a shielding configuration of a 5 cm-thick 5 % borated polyethylene outer
layer, a 0.1 cm-thick cadmium middle layer, and a 5 cm-thick lead layer inner layer. The
added material was 5 % borated polyethylene, and its geometry was cylindrical with a 17.04
cm height and a 15.08 cm radius. The new shielding material has an opening to the beam
port with a length of 2.56 cm. There is also a cylindrical hollow space measuring 4.48 cm
in height and 8.08 cm in radius. In the new geometry, the detector and the sample are
surrounded by an additional polyethylene shielding.
7.2 γ-ray energy spectra with source particles at the outer
surfaces of the detection system using standard geometry
The same geometry defined as standard in Figure 7.1 was used to compare the γ-ray spectra
using tumor and normal tissues of the breast as the sample material. Again, this was done
in a system where the primary neutrons and background particles were generated at the
outer surfaces of the detection system instead of the inner surface. Based on the MCNPX
flux calculations at the outer surfaces, GATE simulations were performed to obtain γ-ray
spectra using both tumor and normal tissues.
Figure 7.2 shows both γ-ray spectra for generating primary neutrons and background
particles at the inner and outer surfaces of the standard geometry of the detector, respec-
tively, without a sample. The spectra are not completely identical but are similar in their
general trend. There is a disparity in the energy range of 0 to 2 MeV , which comes from
the difference in the neutron cross-section data between the two cases. MCNPX uses the
ENDF/B-VII.1 cross-section library, while GATE employs high precision models such as
G4NeutronHPInelastic and G4NeutronHPCapture for the cross-section data. While both
spectra have some peaks at the same energy levels, which is due to the interactions of the
shielding materials and the detection material, there are peak count differences between the
two cases.
This section shows how geometry affects the γ-ray spectra and shielding using the primary
neutrons and background particles generated at the outer surfaces of the detection system.
Since the primary neutrons and background particles are placed at the outer surfaces, the
effects of shielding material configurations were analyzed with respect to the quantified γ-ray
spectra.
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Figure 7.2: Comparison of γ-ray spectra for generating primary neutrons and background
particles at the inner and outer surfaces without a sample
7.3 Effects of shielding configuration of the geometry #1
The geometry #1 in Figure 7.1 was used to compare the effects of the shielding configuration.
As shown in Figure 7.3, the γ-ray spectra of the shielding configurations defined as the
standard and the geometry #1 were compared for the investigation of the shielding effects
when using the tumor tissue. Both spectra have similar trends, but the peak intensities are
very different when comparing the two cases.
The amplitudes of the peaks at 4.03 (#5), 4.44 (#6), 4.79 (#7), 5.51 (#9) and 9.40 (#17)
MeV , caused by the neutron interactions of the cadmium, decreased drastically in geometry
#1 because the γ-rays emitted from the neutron capture reaction of cadmium were absorbed
by the lead layer before getting the detector.
The peaks at 2.62 (#3), 3.20 (#4), 5.24 (#8), 6.50 (#11), 6.78 (#12), 7.31 (#13), 7.42
(#14), and 10.20 (#18) MeV are indicative of the detector material, germanium, while the
peaks at 6.12 (#10), 7.80 (#15), and 8.58 (#16) MeV are originated from the chlorine.
This shielding material arrangement allows a higher number of neutrons to pass through the
shielding layers of the detection system and interact with the sample and detector than the
standard geometry. This is because the γ-ray peaks by the neutron interactions with the
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Figure 7.3: Comparison of γ-ray energy spectra for standard geometry and geometry #1
detector and the sample are amplified compared to those peaks of the standard geometry.
7.4 Effects of shielding configuration of the geometry #2 and #3:
Boron effect
Boron-10 produces Lithium-7 through an exothermic charged-particle reaction [10], and
neutrons. The absorption reaction denoted by (n, α) is defined as,
10B + 10n → 11B →
4He + 7Li + 2.79 MeV (6%)4He + 7Li + 2.31 MeV (94%) , (7.1)
then,
7Li + γ + 0.48 MeV. (7.2)
Both of the energies released by the intermediate products in Equation 7.1 are deposited
locally, and this reaction releases secondary γ-rays with an energy of 0.48 MeV [111].
Boron-10 in the shielding material was expected to absorb background neutrons passing
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Figure 7.4: Comparison of γ-ray energy spectra for geometry #1, #2, and #3
through the shielding layers, while minimizing the neutron capture γ-ray reactions in the
detector material from these neutrons. As shown in Figure 7.4, there is no noticeable change
between the cases with and without boron present in the polyethylene since the spectra for
each scenario are consistent and matchable. The energy of a characteristic γ-ray emitted
from the neutron absorption reaction listed in Equation 7.2 is 0.48 MeV . Since the γ-ray
spectra in 7.4 have relatively higher intensities at lower energy levels, and γ-rays are reflected
or absorbed in the lead layer before reaching the detector, it is difficult to find the specific
peak for the energy of 0.48 MeV . Additionally, most of the thermal neutrons should be
absorbed in the cadmium layer.
7.5 Effects of shielding configuration of the geometry #4
A new geometry #4 in Figure 7.1 was designed for maximizing the signal γ-rays and min-
imizing background γ-rays in the detector. The new geometry is filled with 5 % borated
polyethylene. The positions of the detector and sample were changed because of this thick
5 % borated polyethylene layer. The distance of the beam port in the detection system was
elongated.
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Figure 7.5: Comparison of γ-ray spectra for standard geometry and geometry #4
Figure 7.5 compare both γ-ray spectra for the standard geometry and the geometry #4.
The overall count rates of the new geometry were decreased across the γ-ray energy spectrum
because the migration length of the particles was prolonged as the 5 % borated polyethylene
layer became thicker. Some peaks related to the neutron capture reactions of the cadmium
layer disappeared or became smaller. This is because most of the background neutrons,
which collided with hydrogen atoms in the thick 5 % borated polyethylene layer, lost their
energy passing through the 5 % borated polyethylene layer; then, only the little number
of background neutrons were captured by the cadmium layer and the characteristic γ-rays
generated by these reactions were absorbed in the lead layer. Thus, most characteristic
γ-rays created by the background neutron capture reactions of the cadmium layer hardly
reached to the detector.
Several peaks that indicate neutron capture reactions with the detector material, ger-
manium, were seen to decrease with this modified geometry compared to the previous ge-
ometries #1, #2, #3 because of the same reason explained in previous paragraph. Most
background neutrons could not reach the detector; then, there were fewer self-absorptions
of the background neutrons in the detector and sample materials. The signal peaks for the
trace element were also reduced. As the length of the beam port is elongated, the number of
primary neutrons reaching at and interacting with the sample was decreased. These results
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Figure 7.6: Comparison of γ-ray spectra for standard geometry and geometry #5
in a decrease of the characteristic γ-ray signal in the detector.
7.6 Effects of shielding configuration of the geometry #5
Based on the geometry #2 of the existing detection system, the additional shielding material
was inserted as shown as the geometry #5 in Figure 7.1. Figure 7.6 compares two spectra
for the standard geometry and the geometry #5. Compared to the standard geometry, the
number of counts within the energy range of 0 to 3 MeV were increased due to the added 5
% borated polyethylene shielding. Most of the background neutrons, having already passed
the shielding layers of the detection system, collided with hydrogen atoms in the additional
5 % borated polyethylene inside and lost their energy. A peak at 2.23 MeV was from
the neutron capture reaction with hydrogen and was much higher than in the case of the
standard geometry. The increased peak at the Compton edge at around 2 MeV is influenced
by these increasing photoelectric effects. Some peaks by the neutron capture reactions with
the cadmium layer vanished or got smaller while other peaks related to the neutron capture
by the detector material and the sample were increased.
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Figure 7.7: Modified geometries of the detection system with opening of the back side
7.7 Opening effects of the back side of shielding layers of the
detection system
In addition to the geometries in Figure 7.1, several geometries were set up to study the
effect of the opening at the back side of the shielding layers of the detection system. These
modified geometries were originated from the geometries #2 and #4 in Figure 7.1. The
opening effect at the back side of the shielding layers should be discussed.
As shown in Figure 7.7, geometry #2-1 is based on the same structure of geometry #2
in Figure 7.1. The geometry #2-1 has opening at the back side of the shielding layers while
the geometry #2 has closing geometry. Geometry #4-1,2,3 have the same structure based
on the geometry #4 in Figure 7.1 The back sides of the geometry #4-1, 2, 3 are opened.
The geometry #4-1 has HDPE as the stuffed shielding material while the geometries #4-1
and #4-2 have 5 % borated polyethylene and 10 % borated polyethylene, respectively. In
addition to the opening effect, the shielding effect of boron should be studied.
As shown in Figure 7.8, there are significant differences at those peaks of 6.12 by chlorine
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Figure 7.8: Comparison of the γ-ray spectra for investigating opening effect of the back
side of the shielding layers of the detection system
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between open and close shielding of the back side of the detection system. It means that
the scattered neutrons at the back side of the shielding layers were highly contributed to the
interactions with the biological sample, then the characteristic γ-rays were created. These
neutrons also interacted with the detector material, so that the differences between open
and close cases were observed at the peaks for the detector material, germanium.
On the other hand, not much difference between open and close cases with geometry #4
was observed even at the peaks by the neutron interactions with the sample and the detector.
This is because not many neutrons are passing through the thick shielding layer of the 5 %
polyethylene and then reaching the back side of the shielding layer for both cases because
most neutrons are absorbed in the thick shielding layer and lost energies; then, there were
not many neutron scatterings at the back side of shielding.
7.8 Optimized geometry determination
Figure 7.9 shows the γ-ray spectra for tumor tissue and normal tissue with primary neu-
trons and background particles generated at the outer surfaces in various geometries of the
detection system. Both cases have similar trends, except at some peaks at the energies of
6.12, 7.80, and 8.58 MeV . Those peaks come from the neutron capture γ-ray reaction of the
chlorine, the trace element, in the breast tissue. The disparity in peak counts is due to the
different concentrations of the chlorine element between both tissues. The specific data of
the total counts for various configurations of the shielding materials of the detection system
is described in APPENDIX F.
The study of the discrimination for peaks of the tumor and normal tissues for various
geometries discussed in this chapter was performed. As mentioned in chapter 6, the peak
count distinction between tumor and normal tissues is very important for detection of the
breast cancer. As same as previous chapter, one of the peaks from chlorine-35, the peak at
the energy of 8.58 MeV was used for calculation of count ratio. As shown in Table 7.2, the
count ratios for various geometries are consistent as approximately 2 since the concentration
of the chlorine-35 in the tumor tissue is nearly twice as that in the normal tissue.
Optimized peak has high intensity of net counts and low background counts; thus, the
optimized ratio is given by,
Optimized Count Ratio =
Net Counts
Background Counts
. (7.3)
Optimized geometry could be defined as the geometry having high optimized count ratio.
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Figure 7.9: Comparisons of γ-ray energy spectra for the study of the chlorine concentration
between tumor and normal tissues in various geometries
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Table 7.2: Count ratio of modified geometries (109 particles)
Geometry
Total Counts for
Normal Tissue
Total Counts for
Tumor Tissue
Count
Ratio
Standard 9039 ± 99 17211 ± 134 1.90 ± 0.01
#1 19249 ± 144 38645 ± 200 2.01 ± 0.01
#2 21376 ± 149 40868 ± 204 1.91 ± 0.01
#2-1 6754 ± 85 11892 ± 111 1.76 ± 0.02
#3 25941 ± 166 41753 ± 208 1.61 ± 0.01
#4 3054 ± 59 6521 ± 83 2.14 ± 0.02
#4-1 3243 ± 59 6092 ± 79 1.88 ± 0.02
#4-2 2834 ± 56 5124 ± 74 1.81 ± 0.02
#4-3 3641 ± 62 6571 ± 82 1.80 ± 0.02
#5 15098 ± 125 27411 ± 168 1.82 ± 0.01
Figure 7.10 shows the optimized count ratio of a signal peak for both normal and tumor
tissues with different detector configurations studied in this chapter. Based on the optimized
count ratio, the best geometry is #2, which was designed with a 5 % borated polyethylene
outer layer of 5 cm thickness, a 0.1 cm-thick Cadmium middle layer, and a 5 cm-thick lead
liner. The geometry #2 has highest optimized count ratios for both tumor and normal
tissues.
7.9 Summary
In this chapter, γ-ray spectra by various geometries were compared for finding best geom-
etry for maximizing the signal γ-rays and minimizing background γ-rays in the detector.
The primary neutrons and background particles were placed at the outer surfaces of the
detection system and the various configurations of the shielding materials of the detection
system were applied. Since the concentration of chlorine-35 in the tumorous tissue was ap-
proximately twice as that in the normal tissue, the calculated count ratios are maintained
as approximately 2 in various geometries.
The optimized count ratio of the signal peak for tumor and normal tissues of the breast
with each geometry of the detection system was defined to determine the optimized geometry
and the geometry #2, which shielding configuration for the detection system was designed
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Figure 7.10: The optimized count ratio of a signal peak for both normal and tumor tissues
with different detector configurations
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with a 5 cm-thick HDPE outer layer, a 0.1 cm-thick Cadmium middle layer, and a 5 cm-thick
Lead liner layer, was determined as the most optimized geometry with high intensity of net
counts and relatively low backgrounds.
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CHAPTER 8
CONCLUSION
1. Since the systematic biological research into trace element composition began from around
the mid-19th century, techniques studying trace elements have been progressed rapidly in the
medical area around the world. Although the modern medicine and treatment of cancer have
been developed with the advanced science and technology, cancer is still one of the greatest
pathological threats to the modern society. Therefore, the research related to the detection
of the chemical elements, especially trace elements, using the prominent capture γ-rays have
started.
2. The main purpose of this research is to design optimized detection system for investi-
gating the influence of the trace element, chlorine in the biological system of the human
body using the Monte Carlo simulation toolkits. This dissertation described the optimiza-
tion of the detector response simulation for multiple particles created by neutron-material
interactions using two Monte Carlo simulation programs – MCNPX and GATE. Using both
Monte Carlo simulation toolkits, the geometry of optimized PNF and detection system were
proposed as a novel concept for strengthening the sensitivity of the characteristic γ-rays
by neutron-material interactions. Based on previous theoretical and experimental research
achievements, the plausibility of the active detection system and the alternatives to devel-
oping this technique were explained. Using simulation and modeling of actual experimental
conditions, the optimal geometry was determined to support the construction and bench-
marking of the facility.
3. Prior to the design of real geometry, previous achievements were approached theoretically
and experimentally for understanding this research. Neutron-based technologies related to
the trace elements in bio-materials were discussed, and the detection of the trace elements
by the NAA method was introduced. The particle interactions for an idealized detector
was studied for the optimized system design. Research related to particle interactions for
the idealized detector, which employs basic geometries for the detector and the source,
was performed as a reference for the realistic detector. Monoenergetic γ-ray and neutron
sources, defined as individual particles in the realistic detector case, were designed, and
Monte Carlo simulations of energy deposition for the pixelized ideal detector as a function of
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distance was performed, and the subsequent γ-ray energy spectra were produced. Secondary
particles produced through γ-ray and neutron interactions with detector materials, which
were important for identifying the detector signal algorithm, were studied.
4. Then, real geometry was studied using both the MCNPX and the GATE for the optimized
geometry design. The initial research focused on optimizing the yield of thermal neutrons
in the optimized PNF detection system, which can then be used as a source for interactions
with various kinds of matters while minimizing the background radiations. The MCNPX was
used to design the geometry of the PNF including the graphite monolith and the detection
system for the production of thermal neutrons and to minimize background neutrons at
the detection system. The neutrons emitted by D-T neutron generator at the center of the
graphite monolith were passing through the fueled graphite monolith and the moderating
layer of the graphite monolith or the shielding materials of the detection system; then, the
surface flux of these neutrons reached the inner or outer surfaces of the detection system
were calculated by the MCNPX. This optimization considered moderating layer materials
and fuel configuration effects of the fueled graphite monolith or the shielding materials and
configurations of the detection system. Using the thermalization and optimization factors,
the optimized geometry was defined with the removed six columns of fuel pins closest to the
detection system and the inch-thick moderating layer of polyethylene. In addition, radiation
doses near the PNF as well as the criticality of the PNF were calculated using this code to
support construction.
5. The GATE code are used for the effective detector responses by multiple particle inter-
actions with sample materials. By considering particle intensity, angular distribution, and
position, the maximized primary neutrons and minimized background particles based on the
MCNPX simulation results were imported into GATE simulations. Two cases were consid-
ered: the primary neutrons and background particles at inner surfaces or outer surfaces of
the detection system. The former only considered the interactions of the sample and the
detection, while the latter included those interactions as well as the interactions of the shield-
ing materials. The γ-ray energy spectra were studied for the optimized sensitivity of the
chlorine between the normal and cancerous tissues considering breast cancer sample, various
detector type and thicknesses as well as different shielding configurations of the detection
system.
6. Based on thorough theoretical approaches, various Monte Carlo models for the detection
of breast cancer using the elevated trace element, chlorine-35, which exists in both the
tumor and normal tissues, were studied for determination of optimized system design. Using
the optimized geometry of the PNF, primary neutrons and background particles at all the
innermost surfaces of the detection system, defined as sources, were used to investigate the
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particle interactions with the sample and detector materials. γ-ray spectra obtained from
the neutron interaction with samples from a variety of cancer strains were analyzed and the
detection concentration limit was studied.
7. It was anticipated that protocols to detect the breast cancer by detecting and quantifying
biological trace elements were designed and developed through the GATE simulations. The
cancer influences the physiological functions of the human body, which results in the variation
of the concentrations of the trace elements between the malignant and normal tissues. Three
detectors – HPGe, CdTe, and NaI – with breast and stomach cancer were designed for these
simulations by the GATE. The count ratio, which stands for the ratio of the net counts of
the peak to the background counts, was defined. Since the concentration of chlorine-35 in
the tumorous tissue was approximately twice as that in the normal tissue, the calculated
count ratios are maintained as about 2 in all detector cases.
8. For optimizing the system, various geometries of the detection system were designed
and the optimized ratio was defined. Primary neutrons and background particles generated
at the outer surfaces instead of the inner surfaces were designated, and the effects of the
shielding material configurations were studied with respect to the quantified γ-ray spectra.
The optimized count ratio of the signal peak for both tumor and normal tissues of the
breast with each geometry of the detection system was calculated for the assessment of
the optimized geometry. The optimized geometry with high intensity of the net count of a
signal peak and low backgrounds of the peak has the shielding configuration for the detection
system was designed with a 5 cm-thick HDPE outer layer, a 0.1 cm-thick Cadmium middle
layer, and a 5 cm-thick Lead liner layer.
9. Due to a relatively high background particle concentration, there was a limitation on using
other trace elements except chlorine in this research. Most trace elements have characteristic
γ-ray peaks from neutron capture reactions in the lower energy level of the spectrum. The
γ-rays generated in the moderating and shielding materials have high intensity in the lower
energy level of the γ-ray spectrum. Since characteristic γ-ray signals from the neutron
capture reaction of chlorine are in the higher energy level, and the background signals are
relatively small, these signals in the detector are easy to recognize and identify. Therefore,
minimizing the background particles and finding more trace elements, which have large
neutron capture cross-sections for high-energy γ-rays, are a top priority for future research.
10. Additionally, this research was processed using only Monte Carlo simulations. The same
experiments under the same situations defined in this research should be carried out; then,
both simulation and experiment results should be compared for verification. Since the advent
of modern society, the need to reduce the risk of cancer has grown in recent years. Even
though various methods to detect various strains of cancer have been developed, many blind
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spots exist in the identification of these diseases. The method discussed in this research will
contribute to narrowing down these blind spots.
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APPENDIX A
MCNPX INPUT DECK FOR OPTIMIZED
GEOMETRIES OF PNF AND DETECTION SYSTEM
Attached as a file which name is Appendix A.
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APPENDIX B
GATE INPUT DECK FOR OPTIMIZED
GEOMETRIES OF PNF AND DETECTION SYSTEM
Attached as a file which name is Appendix B.
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APPENDIX C
EXAMPLE OF NET COUNT CALCULATION WITH
ERROR
Net counts represent the total counts minus the background counts. Thus, the total counts
and the background counts are defined as T and B, the net counts , A can be given by,
A = T −B. (C.1)
And the standard deviations can be defined by,
σ =
√
T +B. (C.2)
Figure C.1 shows the γ-ray energy spectrum of a peak of the energy of 8.58 MeV from the
CdTe detector. Using both equation C.1 and C.2, the net counts and the standard deviation
could be calculated. In this case, the total counts, T are
30 + 749 + 2931 + 4401 + 2958 + 749 + 26 = 11863. (C.3)
The background count area, B is
7
2
(30 + 26) = 196. (C.4)
Since this peak has 7 channels, the the number of channels should be multiplied to the
end-points of the horizontal line of the peak for calculation of the background count area.
The net count area, A is
11863− 196 = 11669. (C.5)
In addition to this, the standard deviation could be calculated by,
√
11863 + 196 = 110. (C.6)
The net counts could be expressed as 11669 ± 110.
Additionally, the background bin effects were studied as shown in Figure C.2.
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Figure C.1: Net count calculation
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Figure C.2: Background bin effects of the specific energy peak
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Table C.1: The count ratio for background bin effects (109 particles)
# of
bins
Total Counts for
Normal Tissue
Total Counts for
Tumor Tissue
Count
Ratio
7 5563 ± 79 11669 ± 110 2.10 ± 0.04
9 5507 ± 81 11666 ± 110 2.12 ± 0.04
11 5446 ± 83 11644 ± 111 2.14 ± 0.04
13 5347 ± 85 11655 ± 111 2.18 ± 0.04
15 5352 ± 86 11679 ± 112 2.18 ± 0.04
The energy bins were increased with consistent energy peak. As the total counts and back-
ground counts increase, the errors increase. However, there are not much changes in net
counts for both cases of normal and tumor tissues. These contribute to keep the count ratio
for different background bins as shown in Table C.1.
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APPENDIX D
DETAILED COUNTS OF DIFFERENT KINDS OF
DETECTORS
Each spectrum was coming from the GATE simulation with 109 particles. The Countss were
calculated using the method introduced in Appendix C. The detector thickness is 2.2 mm.
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Table D.1: The count data of signal peaks between tumor and normal tissues of the breast
for HPGe detector
Energy
(MeV )
Tissue
Type
Total
Counts
Net
Counts
Background
Counts
Counts
For Error
6.12
Normal 6849 2522 4327 106
Tumor 13310 5708 7602 145
7.80
Normal 1901 1389 512 49
Tumor 4196 3345 851 71
8.58
Normal 6070 5901 170 79
Tumor 9880 9800 80 100
Table D.2: The count data of signal peaks between tumor and normal tissues of the breast
for CdTe detector
Energy
(MeV )
Tissue
Type
Total
Counts
Net
Counts
Background
Counts
Counts
For Error
6.12
Normal 12903 2700 10202 152
Tumor 15705 6500 9205 158
7.80
Normal 3753 2255 1498 72
Tumor 4517 3175 1341 77
8.58
Normal 7193 7002 191 86
Tumor 12740 12382 358 114
Table D.3: The count data of signal peaks between tumor and normal tissues of the breast
for NaI detector
Energy
(MeV )
Tissue
Type
Total
Counts
Net
Counts
Background
Counts
Counts
For Error
8.58
Normal 9218 4481 4737 118
Tumor 12193 6991 5203 132
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APPENDIX E
DETAILED COUNTS FOR DETECTOR
THICKNESS OF HPGE AND CDTE DETECTORS
Each spectrum was coming from the GATE simulation with 109 particles. The total counts
were calculated using the method introduced in Appendix C. The peak of energy at 8.58
MeV was selected for the count calculation.
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Table E.1: The count data of signal peaks between tumor and normal tissues of the breast
for HPGe detector
Thickness
(mm)
Tissue
Type
Total
Counts
Net
Counts
Background
Counts
Counts
For Error
1.1
Normal 3979 3910 63 64
Tumor 9135 9121 10 96
2.2
Normal 6070 5901 170 79
Tumor 9880 9800 80 100
4.4
Normal 6684 6121 563 85
Tumor 12343 11632 711 114
Table E.2: The count data of signal peaks between tumor and normal tissues of the breast
for CdTe detector
Thickness
(mm)
Tissue
Type
Total
Counts
Net
Counts
Background
Counts
Counts
For Error
1.1
Normal 5593 5408 185 76
Tumor 11032 10703 329 107
2.2
Normal 7193 7002 191 86
Tumor 12740 12382 358 114
4.4
Normal 8081 7327 754 94
Tumor 13004 12591 413 116
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APPENDIX F
DETAILED COUNTS FOR VARIOUS
CONFIGURATIONS OF THE SHIELDING
MATERIALS OF THE DETECTION SYSTEM
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Table F.1: The count data of signal peaks between tumor and normal tissues of the breast
for various configurations of the shielding materials of the detection system
Geometry
Tissue
Type
Total
Counts
Net
Counts
Background
Counts
Counts
For Error
Standard
Normal 9387 9039 348 99
Tumor 17621 17211 410 134
#1
Normal 19951 19249 702 144
Tumor 39398 38645 753 200
#2
Normal 21769 21376 393 149
Tumor 41299 40868 431 204
#2-1
Normal 7005 6754 251 85
Tumor 12149 11892 257 111
#3
Normal 26734 25941 793 166
Tumor 42498 41753 745 208
#4
Normal 3274 3054 220 59
Tumor 6724 6521 203 83
#4-1
Normal 3341 3243 98 59
Tumor 6162 6092 70 79
#4-2
Normal 3002 2834 168 56
Tumor 5309 5124 185 74
#4-3
Normal 3749 3641 108 62
Tumor 6669 6571 98 82
#5
Normal 15421 15098 323 125
Tumor 27742 27411 331 168
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